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Symbols and Abbreviations 
e                               the output voltage 
E                              the input voltage 
l0                              initial geometry size of the foil  
l                                geometry size of the foil after deformation 
R                              resistance  
R0                             initial resistance 
ε                               strain 
Ω                              ohm 
σ                               electrical conductivity  
ϕ                               fraction of filler 
σ0                              the conductivity of an element of the percolating network 
λ                                wave length 
Aβ-γ                           relative percent of β- and γ-crystalline phase of partly crystalline polymers 
wt. %                        weight percent 
vol. %                       volume percent 
phr                            parts per hundreds of rubber or resin 
ΦC                                            percolation threshold 
GF                              gauge factor  
L                                length of rod-like particles 
D                                diameter of rod-like particles 
1-D                             one dimensional  
2-D                             two dimensional  
3-D                             three dimensional  
ΔC/C0                         relative capacitance change  
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ΔR/R0                                   relative resistance change  
fC                                   filler content 
mCNTs/mCB                    mass ratio of CNTs to CB  
ID/IG                              intensity ratio of G-band to D-band 
Fp                                   percentage of polar phases   
R/R0                               relative electrical resistance 
ΔR                                  resistance change 
εy                                                    strain at the yield point 
Aagg                                 area ratio of remaining nanotube agglomerates 
AgNWs                          silver nanowire 
AuNWs                          gold nanowire 
CCI                                charge contrast imaging 
CB                                  carbon black   
CPNCs                           conductive polymer nanocomposites  
CNFs                              carbon nanofibers  
CNTs                              carbon nanotubes  
DWCNTs                       double walled carbon nanotubes 
EG                                  expanded graphite  
FGS                                functionalized graphene sheets  
FTIR                              Fourier Transform Infrared Spectroscopy 
FRPs                              fiber-reinforced polymers 
GNPs                              graphite nanoplatelets 
IL                                    ionic liquid 
LBL                                layer-by-layer  
MEMS                            micro-electromechanical system  
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MWCNTs                       multi-walled carbon nanotubes  
NPE                                decrease of electrical resistance with increasing pressure 
PVDF                              poly (vinylidene fluoride)  
PUA                                polyurethane acrylate   
PDMS                             polydimethylsiloxane  
PC                                   polycarbonate  
PS                                    polystyrene   
PMMA                            polymethyl methacrylate   
PA                                    polyamide  
PI                                     polyimide  
PE                                    polyethylene  
PP                                    polypropylene  
PLA                                 polylactic acid  
PPy                                  polypyrrole 
PPE                                 increase of electrical resistance with increasing pressure 
SWCNTs                        single-walled carbon nanotubes  
SHM                               structural health monitoring 
TEM                               transmission electronic microscopy  
TPU                                thermoplastic polyurethane 
RTM                               resin transfer molding 
VGCNF                          vapor grown carbon nanofibers  
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1. Introduction and aims of this work 
Conductive polymer nanocomposites (CPNCs), consisting of polymers and nanoscale 
conductive fillers like carbon nanotubes (CNTs), graphite nanoplates and graphene, etc., are 
getting increasing attraction because of their high mechanical strength, excellent thermal and 
electrical conductivity. Thanks to these merits, they have broad applications in aviation, 
aerospace, electronics, automobiles, sports equipment and medical implants, etc. However, with 
the development of modern industrial engineering technology, increasing demands of 
multifunctional materials drive the exploration of new applications of CPNCs. For instance, the 
sensing function of CPNCs to mimic natural sensor organs has gained immense attention in the 
last decade toward applications of smart materials. Taking advantage of electrical resistance 
change to mechanical stimuli, CPNC based sensors with the potential to detect gas/vapor, liquid, 
temperature variation, damage, force, displacement or strain, etc., were reported.
1-2
 Among them, 
strain sensors (the sensor used for the detection of force, strain, displacement and torque by 
taking advantages of the other signals like voltage or electrical resistance changes, etc.) possess 
enormous attraction because of their potential reformation of conventional industrial manufacture 
with the introduction of manipulator arms, assembly line and robots. Besides, strain gauges, as 
one member of strain sensor family, serve us in our daily life as portable devices like personal 
scales and blood pressure monitors. In addition, they can also be used for structural health 
monitoring (SHM) to prevent the humans from catastrophes by alarming the fatigue fracture of 
structural materials used in public facilities and airplanes, etc.  
In general, the strain sensing behavior of CPNCs means their piezoresistive effects, which 
firstly reported as the electrical resistance change of conductive metal foils subjected to 
mechanical stress. For this effect, the relationship between relative resistance change (ΔR/R0) 
and mechanical deformation can be built and further applied to detect the strain or stress appeared 
in CPNCs. The gauge factor (GF), which is defined by the response of ΔR/R0 to mechanical 
strain (GF=ΔR/(ε×R0), in which ΔR means the resistance change, R0 is the initial resistance and ε 
is strain), is generally used to evaluate the resistance-strain sensitivity of piezoresistive strain 
sensors. Compared with traditional metal foil strain gauges (GF=2 and maximum strain is less 
than 0.1%), CPNC-based piezoresistive strain sensors are more intriguing because of their 
controllable piezoresistive sensitivity or GF and sensing strain ranges. 
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Currently, there are two main ways to make use of CPNCs for strain sensing. For one thing, 
using CPNCs as conductive layers sandwiched by soft substrates like elastomers is able to 
fabricate capacitive sensors. This kind of sensor is taking advantage of capacitance change of the 
material to pressure and shear stress, which is very sensitive to low pressure and low shear stress. 
Besides, the pressure sensitivity of capacitive sensors can be tuned via designing the structure of 
conductive layers (e.g. interlocking, microsphere-like and buckling structure)
3-5
 or the selection 
of conductive layers (e.g. polymer nanocomposites with CNTs or gold nanowires)
6-7
. Those 
sensors are quite suitable for the applications of electronic skin, healthcare monitors, pressure and 
tactile sensors because of their high sensitivity to low pressure (hundreds or a few thousand Pa) 
and flexible structure, and have been widely studied currently. Fig. 1.1 shows structure and 
sensing property of flexible capacitive sensors fabricated using platinum (Pt)-coated polyurethane 
acrylate (PUA) nanohairs sandwiched by thin polydimethylsiloxane, which are used to detect 
human motions.
8
 However, as shown in Fig. 1.1, capacitive sensors can only work under low 
pressure, and the fabrication of this kind of sensor is generally complicated, because the 
fabrication of interlocking, microsphere-like and buckling conductive layers is realized using 
nanoscale lithographic techniques, which are high-cost productions.  
For another, CPNCs can also be directly used as strain sensing materials without being 
sandwiched by isolating elastomer layers. This kind of sensor can undergo larger stress and has 
wider strain ranges, and it is suitable for both pressure and tensile strain sensors. Usually, the GF 
of elastomer/rubber-based CPNC strain sensors can reach hundreds and even higher values under 
tensile strain, and the maximum tensile strain is up to a few hundred percent, which is dependent 
on the elongation of the elastomer/rubber matrix. For instance, Lin et al.
9
 reported that the GF of 
thermoplastic polyurethane (TPU) nanocomposites containing 8 wt. % multi-walled carbon 
nanotubes (MWCNTs) and 2 wt. % carbon black (CB) is up to ca.140, 000 and can bear 200% 
strain. Similarly, Fan et al.
10
 found that TPU multifilaments coated by 4.3 wt. % MWCNTs show 
high repeatability of piezoresistive effect at 400% strain, but GF is only ca. 3. As 
elastomer/rubber based piezoresistive strain sensors can exhibit high piezoresistive sensitivity in 
wide strain ranges, they are potential strain sensing materials used for high-level strains. 
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Fig. 1.1 (a) Schematic illustration of assembled flexible sensor layers (interlocked platinum (Pt)-
coated polyurethane acrylate (PUA) nanohairs) sandwiched by thin polydimethylsiloxane (PDMS) 
supports (ca. 500 m thickness each) and scanning electronic microscopy image of a dense array 
of nanohairs. (b) Plotting showing the electrical resistance change of sensors when the voltage is 
on and off (Roff-Ron) and (c) relative resistance change in time (R/Roff) under pressure. (d) 
Measurement of the physical fore of a heartbeat under normal (ca. 60 beats/min with an average 
intensity of ca. 100 Pa) and exercise conditions (ca. 100 beats/min with an average intensity of 
300~400 Pa). (e) Plotting illustrations of the detection time-dependent signal pattern of R/Roff 
and applied strain as a function of time under pressure, shear and torsion loads.
8
  
 
     However, they are not able to undergo high-level stress, e.g. tensile stress higher than 25 MPa. 
For the structural health monitoring, especially for the applications applied in public facilities, 
airplanes and wind generators, etc., the materials are sometimes requested to be able to bear high-
level stress. Therefore, MWCNT coated glass fibers embedded in epoxy
11-12
, laminates of carbon 
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fiber-reinforced polymer (also woven carbon nanotube-coated glass fibers cured by thermosets)
13-
15
 and epoxy fibers deposited by carbon nanotubes
16
 were reported to monitor structure damage 
and break. Those strain sensors are able to undergo stress like hundreds of MPa or even higher 
together with very high piezoresistive sensitivity, but the maximum tensile strain is usually less 
than 5%. As a result, taking into the tolerance of high-level stress and strain into consideration, 
thermoplastics are good polymer matrix candidates for the fabrication of piezoresistive CPNC 
strain sensors towards strain sensing and SHM applications in civil engineering, mechanical 
systems and airplanes, etc. They can undergo medium level stress (30-70 MPa) and exhibit 
controllable piezoresistive sensitivity to tensile strain. 
      Currently, piezoresistive behavior of CPNCs with the polymer matrix of thermoplastics like 
polyethylene
17-18
, polypropylene
19
, polystyrene
20
, polycarbonate
21
 and poly(vinylidene fluoride) 
(PVDF)
22-27
 have been paid attention to. Compared with those semi-crystalline and amorphous 
thermoplastics, PVDF stands out among them because of its excellent resistance to chemical 
corrosion, oils, heat and aging, as well as the good combination of integrated mechanical property 
and processing ability. Therefore, PVDF based CPNCs are highly potential for strain sensing and 
structure damage monitoring in environments like civil infrastructure, automobiles and airplanes. 
Besides, PVDF is also attractive for the fabrication of strain sensors due to its piezoelectric 
property resulted from polarized and orientated -phase crystals in PVDF materials. However, 
the piezoelectric property of PVDF materials is quite dependent on the -phase content, 
mechanical stretching and polarization of dipoles under very high electric field (~2 MV/cm)
28-30
, 
and as a result, the production cost of piezoelectric PVDF materials is generally very high. In 
addition to this, the piezoelectric coefficient and electromechanical coupling factor of PVDF is 
very low if compared with piezoelectric ceramics, which means they are only used for small 
strains, e.g. micro-strain. To some degree, all these obstacles restrict the wide applications of 
PVDF materials as strain sensors. On the contrary, the preparation of piezoresistive PVDF 
nanocomposites is much easier and the resistance-strain sensitivity and sensing strain ranges are 
both tunable. Given these, piezoresistive PVDF nanocomposites are highly potential for the 
applications of flexible and low-cost strain sensors and currently some attention has been paid to 
this topic. Although the electrical resistance change of PVDF based CPNCs under pressure has 
also been reported, but relatively speaking, piezoresistive behavior of PVDF based CPNCs under 
14 
 
tensile strain is more attractive and has been paid more attention to. For example, Eswaraiah et 
al.
22
 reported that solution mixed PVDF nanocomposites filled with 2 wt. % functionalized 
graphene exhibit better resistance-strain sensitivity than those consisting of the same content of 
MWCNTs under micro-strain (strain between 10
-6 
and 10
-3
). Besides, they found that the ΔR/R0-
strain sensitivity depends on the concentration
23
 and modification
24
 of graphene, and GF reaches 
12 and 20 at 0.1% strain for PVDF nanocomposites filled with 2.2 wt. % reduced graphene oxide 
and 3 wt. % graphene wrapped MWCNTs, respectively. Likewise, Ferrreira et al.
25-26
 also found 
that resistance-strain sensitivity of solution mixed PVDF/CNT nanocomposites strongly depends 
on the content of carbon nanotubes (CNTs) under micro-strain, and no dependence of GF on the 
type, concentration and functionalization of CNTs if GFs of nanocomposites with CNT content 
near ΦC were compared. All the aforementioned studies are focused on piezoresistive behavior of 
PVDF nanocomposites with a under micro strain (<0.2%), but for SHM applications of PVDF 
nanocomposites, their piezoresistive behavior under higher level strain also needs to be paid 
attention to. However, little attention has been paid to this up to now. To my knowledge, only 
Georgousis et al.
27
 reported that the piezoresistive sensitivity of PVDF nanocomposites against 
tensile strain relied heavily on the content of MWCNTs and the gap between actual MWCNT 
content and ΦC of MWCNTs in PVDF. Fig. 1.2 gives stress and ΔR/R0 as a function of strain for 
melt-mixed PVDF/MWCNT nanocomposites investigated by Georgousis et al.
27
 It can be seen 
that the nanocomposites with 1.25 wt. % MWCNTs have the highest ΔR/R0 at the same strain 
level among three MWCNT contents due to the smaller gap between 1.25 wt. % and ΦC=1.21 
wt. %. Besides, ΔR/R0 increases rapidly once the strain loading getting close to fracture strain. In 
fact, investigations of piezoresistive behavior of PVDF nanocomposites before the yield point is 
greatly favored for strain sensing.  
As shown in Fig. 1.2, the maximum yield strain of PVDF nanocomposites achieved in the 
nanocomposites containing 8% MWCNTs is ca. 8%. This value is indeed insufficient for the 
SHM applications with a request of withstanding large strains like 12% or even higher. Therefore, 
it is a very challenging task to fabricate PVDF based CPNCs with high piezoresistive sensitivity 
and large upper critical measurable strain. Besides, it shows in Fig. 1.2 that only the 
nanocomposites with high contents of MWCNTs can undergo high-level stress and strain, but 
sensing materials with low contents of MWCNTs are greatly expected in practice if the 
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production cost is taken into consideration. As a result, it is of great significance to prepare 
PVDF-based CPNCs with high yield strain and low-filler filling, together with high piezoresistive 
sensitivity and wide sensing strain ranges. However, lots of other questions about piezoresistive 
behavior of PVDF CPNCs are left apart from the aforementioned challenges. In details, other 
factors for piezoresistive behavior of PVDF-based CPNCs except the resistivity mentioned in 
literatures 22-26 still need to be explored. The piezoresistive sensitivity of PVDF nanocomposites 
is not only dependent on initial resistivity of the nanocomposites, but also the network structure 
of conductive fillers, mechanical property of the nanocomposites, which are closely related to the 
geometry of fillers, their dispersion in PVDF matrix and PVDF-filler interactions, etc.  
 
Fig. 1.2 Developments of stress and ΔR/R0 with strain loading till the break of melt-mixed PVDF 
nanocomposites with various contents of MWCNTs.
27
  
 
Eswaraiah et al.
22
 reported that PVDF nanocomposites filled with functionalized graphene 
exhibit better piezoresistive sensitivity than those filled with the same content of MWCNTs, 
however, the difference in geometry and dispersion of these two kinds of fillers, which both can 
influence the conductive network of filler in PVDF, was not studied. Besides, Ferrreira et al. 
mentioned that piezoresistive sensitivity of PVDF/CNT nanocomposites under micro-strain is 
strongly dependent on the resistivity of the nanocomposites and ΔR/R0 is irrelevant to the type 
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and surface functionalization of CNTs when the nanocomposites with the content of CNTs near 
ΦC.
25-26
 However, different dispersion states of CNTs in PVDF will result in different resistivity 
and mechanical property of the nanocomposites, which might influence the piezoresistive 
sensitivity of PVDF nanocomposites. Maybe the dispersion and geometry of fillers do not play a 
decisive role in the determination of piezoresistive sensitivity of PVDF nanocomposites under 
micro-strain, but this is a significant factor and needs to be studied. Therefore, firstly, the 
influence of dispersion states of conductive fillers in PVDF on the piezoresistive behavior of 
PVDF nanocomposites needs to be investigated. This is a basic question for the discussion of 
piezoresistive sensitivity of CPNCs and it was rarely discussed in other polymer systems. 
Secondly, how to make use of the geometry difference of conductive fillers to tune piezoresistive 
sensitivity of PVDF-based CPNCs is still unknown. Since the connections/contacts among 
conductive fillers are different due to their different aspect ratio, this will result in differences in 
the morphology of conductive pathway/network and affect the piezoresistive sensitivity of PVDF 
CPNCs. However, even no concrete discussion of this factor has been done in other polymer 
CPNCs in terms of their piezoresistive property. Thirdly, PVDF is a semi-crystalline polymer and 
its crystallization is frequently influenced by the addition of fillers. However, there is no report 
about the influence of fillers on the crystallization and mechanical property of PVDF-based 
CPNCs when their piezoresistive property is discussed. As mentioned above, elastomer/rubber 
based CPNCs usually exhibit high piezoresistive effects and wide sensing strain range because of 
their superior deformation ability as compared to CPNCs based on thermoplastics, while the 
mechanical property will be changed once fillers affect crystallization of semi-crystalline 
polymers. However, the formation of polar - and -phase PVDF crystals with the incorporation 
of nanofillers can enhance the mechanical ductility of PVDF nanocomposites
31-32
, and the 
influence will be more notable once the interfacial bonding between PVDF and nanofillers is 
strengthened. Finally, how to improve the interfacial bonding between polymers and fillers is 
always an issue of great significance for the study of physical property of polymer 
nanocomposites. Although chemical modification of nanofillers or polymer matrix can 
effectively improve the bonding between fillers and polymers, it is difficult and not versatile to 
all polymers. Therefore, the exploration of low-cost and effective interfacial linker/modifier is of 
great interest and significance for polymer nanocomposite researchers. This work is aimed to find 
out solutions to the above-mentioned issues and challenges. 
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After this introduction, the state of art of strain sensing property of CPNCs is summarized, 
and the piezoelectric property of PVDF and its copolymers, as well as their composites, is also 
briefly described for the consideration of PVDF used as the polymer matrix in this thesis. The 
details of materials, preparation and characterization of PVDF nanocomposites used in this thesis 
are provided in 4.3. The experimental results and discussion are given in chapter 4. Firstly, in 4.1, 
the dispersion of differently functionalized MWCNTs in PVDF matrix is studied in a quantitative 
way using results of light microscopy images. Meanwhile, scanning electronic microscopy 
images provide supports for conductive networks of each MWCNT in PVDF when they show 
different dispersion states. Finally, piezoresistive sensitivity of PVDF/MWCNT nanocomposites 
is systemically compared. To make clear the influence of network structure of conductive fillers 
with different aspect ratios on piezoresistive sensitivity of PVDF based CPNCs, piezoresistive 
effects of the nanocomposites filled with only CNTs and hybrid fillers of CNTs and CB were 
comparatively investigated in 4.2. The effects of in initial resistivity and structure of conductive 
network on piezoresistive sensitivity of the nanocomposites were studied. In 4.3, hybrid fillers of 
carbon nanotubes and non-conductive organoclay were incorporated into PVDF in order to 
prevent ductility loss of the matrix by controlling crystalline phases of PVDF and the nanotube-
PVDF interactions. At the same time, the effect of organoclay on electrical conductivity of PVDF 
nanocomposites was investigated. This part introduces a strategy to tailor piezoresistive effects of 
CPNCs without sacrificing ductility of polymers greatly. Finally, it presents the effect of 1-butyl-
3-methylimidazolium hexafluorophosphate (BMIM
+
PF6
-
) ionic liquid (IL) on the piezoresistive 
property of PVDF-MWCNT nanocomposites in 4.4. The dispersion of MWCNTs in PVDF 
matrix without and with IL and the piezoresistive behavior of the nanocomposites in both cases 
were comparatively investigated. The interface bonding between PVDF and IL pretreated 
MWCNTs, which are probably attributed to the interactions of cation-CF2 and ion- electron, 
were investigated by Fourier Transform Infrared and Raman spectra. In addition, the effect of the 
strengthened interfacial bonding on yield strain and ΔR/R0 of PVDF nanocomposites were 
surveyed. This gives a new strategy to modify polymer-filler interfacial interactions, and to 
increase piezoresistive sensitivity of CPNCs and upper sensing strain ranges simultaneously.   
Summary and conclusion of this work are given in section 5 and last but not least, an outlook 
of this dissertation is shown in the section 6. 
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2. The state of the art of strain-sensing polymer 
nanocomposites 
  2.1 Background of piezoresistive sensors 
     It is known that creatures in nature can perceive changes in their surrounding environments 
and adjust themselves to get used to new environments. Their outstanding perceiving capabilities 
are resulted from the advanced sensor systems inside them. Inspired by the sensors existed in 
natural creatures, the human beings are attempting to improve their life quality by mimicking 
some sensing systems existing in nature. For example, some sensors, which can detect light
33
, 
temperature or infrared
34
, humidity
35
, vapor
36
, tactile
37
 and muscular motion
38-39
 signals, etc., 
have raised or are raising great interest for smart material scientists. Among them, the sensors 
denoted as strain sensors, which can be used to detect and measure the force, displacement and 
acceleration via taking advantages of the change of electrical signals in the materials, are being 
paid great attention to.  
      In general, there are two types of strain sensors, namely sensors fabricated by piezoresistive 
and piezoelectric materials, which are based on the change of relative resistance and voltage of 
the materials under stress, respectively. For the former, the materials have to be electrically 
conductive so as to detect the resistance change under stress, and afterwards the strain can be 
deduced or calculated according to the correlation between resistance change and stress or strain. 
For example, the metal foil strain gauge, which is the ancestor of piezoresistive strain sensors and 
was invented by Simmons and Ruge et al. in 1938
40
, is shown in Fig. 2.1.  
 
Fig. 2.1 Illustrations of the metal foil beam-like strain gauges which can be bonded to a 
measuring object under (a) initial state, (b) tension and (c) bending deformation.
40
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      As the metal foil has a rate of resistance change proportional to strain, the sensitivity of such 
a kind of gauge can be described by the gauge factor GF and evaluated by the resistance change 
(ΔR) under stress or deformation using the following equation.  
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                                                                                          (1) 
where R is the resistance after deformation, R0 is the initial resistance, l0 and l mean the initial 
geometry size of the foil and that after deformation respectively, and ε denotes strain. Usually 
metal foils have initial resistances of 120 or 350 Ω and the GF is ca. 2, which means ΔR is very 
low (0.00024 Ω<ΔR<0.24 Ω) due to the very limited malleability of metal foils.
41
 As a result, it 
is solely suitable for the detection of micro strain (10
-6
<ε<10
-3
).  
     Although this type of gauge is low-cost and convenient to be bonded to the measuring objects, 
the small GF (ca. 2) together with their particularly narrow strain range is a big obstacle for their 
application. Therefore, inspired by this idea, strain gauges based on electrically CPNCs, which 
possess much higher strain sensitivity and wider measurable strain ranges, came into our life with 
two distinctions. Since there are a variety of polymeric materials in the nature and because of the 
more facile processing of CPNCs in contrast to metals, as well as their tunable electrical 
conductivity, they are more preferred by the smart material scientists, which will be introduced 
one by one in the following parts. 
      On the whole, aforementioned statements suggest that metal foil gauges are suitable for micro 
strain, while piezoresistive CPNCs are able to detect damage or crack in engineering structure 
materials besides the strain measurement, i.e. SHM, display devices, skin sensors, etc. Besides, 
some of them made of elastomers and conductive nanoparticles even can be used as wearable 
electronic sensor devices for monitoring human motion and stretchable electrical devices used in 
MEMS and intelligent robots. However, for the piezoelectric sensors, they quite rely on the 
piezoelectricity of CPNCs based on PVDF and its copolymers. Details concerning application 
examples of strain-sensing CPNCs will be described in details in the following parts. 
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2.2 Preparation methods for CPNCs 
2.2.1 Overview 
      It is known that polymer matrices include thermosets, thermoplastics, rubbers and elastomers, 
as well as natural polymers, and they have different molecular weights. Conductive nanoparticles 
possess various geometries and they generally tend to be produced in an agglomerated shape. 
Their dispersion and interfacial interaction with polymer matrix play a critical role in the 
mechanical reinforcement and electrical conductivity improvement of the polymer matrix
42
. 
Therefore, how to incorporate those agglomerated microparticles (agglomerates or bundles of 
nanoparticles) into polymer matrices to achieve a suitable dispersion and homogeneous 
distribution is an issue of great significance. Various approaches have been reported to fabricate 
CPNCs, which are: a) in-situ polymerization in presence of nanofillers, b) the latex approach, c) 
solution mixing of polymers and nanoparticles and d) melt mixing of nanoparticles into 
thermoplastic polymers. In-situ polymerization can only be suitable for polyester-based polymers, 
while latex approach involves the utilization of surfactants which will immigrate out and 
influence the physical properties of final CPNC products. Solvent mixing is involved with the 
consumption of large amounts of organic solvents, which is not environment-friendly. Besides, it 
is necessary to remove the solvent afterwards. Due to the large consumption of organic solvents, 
this method is used rather for small-scale scientific investigations than for industrial production. 
Apart from these disadvantages, it is difficult to prepare CPNCs with high filling level of 
nanofillers through solution mixing. Melt mixing, i.e. mixing polymer resins and nanoparticles 
directly using compounders or extruders, is well established and compatible with industrial 
practices. These two methods will be discussed more in detail in the following sections.  
 2.2.2 Melt mixing 
 Melt mixing is a common and facile approach to get CPNCs using compounders or extruders 
no matter how the matrix is thermoplastic or elastomeric. With the help of heat and shear force, 
the entangled agglomerates of nanoparticles can be crushed and separated into small bundles or 
sheets in molten polymer matrices, which is compatible with both academic and commercial 
scales. In addition to this, another advantage of this technique is no need of solvents, which is 
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low-cost and environmentally friendly. As a result, melt mixing has been widely applied to 
fabricate CPNCs filled with various nanoparticles.  
      For melt mixing, the dispersion of electric conductive nanofillers, let’s take MWCNTs for an 
example, contains three parts: 1) the wetting and infiltration of initial MWCNT agglomerates by 
polymer chains; 2) the dispersion of MWCNTs in the polymer matrix resulted from rupture and 
erosion mechanisms as presented in Fig. 2.3.
43-44
  
 
Fig. 2.3 Schematic of the dispersion mechanism of MWCNT agglomerates in polymers.
43
  
 
      For other conductive nanofillers, the dispersion process is nearly the same. In general, the 
wetting of agglomerates by polymer chains is primarily affected by the interfacial energy 
between agglomerates and polymer melts, which is associated with the surface functionalization 
of MWCNTs and the polarity of the polymer matrices. The infiltration is related to the 
compactness of the initial MWCNT agglomerates and the melt viscosity of the matrix. Since the 
melt viscosity of polymers is dependent on the molecular weight and its distribution, temperature 
and shear rate, the infiltration of agglomerates can be tuned by the selection of MWCNTs, 
polymer matrix and processing conditions. Besides, the rupture and erosion of nanotube 
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agglomerates are also influenced by shear force and viscosity during melt mixing, as a result, 
processing conditions are playing a significant role in the dispersion of nanotubes in the polymer 
matrix. As shown in Fig. 2.4, the residual MWCNT agglomerates get less and smaller with both 
the increasing shear rate and temperature in the polycarbonate (PC) matrix.
44
 As a consequence, 
the dispersion of MWCNTs in the polymer matrix is dependent on the surface chemical 
functionalization of nanotubes
45-47
, viscosity
48-49
, molecular weight
48
 and polarity
50
 of the 
polymer matrix, as well as the melt processing conditions
51-54
. Since electrical conductive and 
mechanical properties of CPNCs are tightly related to the dispersion of electrical conductive 
fillers in the polymer matrix, in addition to the aforementioned factors, super high shear
55-56
, ionic 
liquid
57-58
 and compatibilizers
59-61
 were also reported to improve the dispersion of MWCNTs in 
polymer melts and their interface interactions with polymer chains.  
 
Fig. 2.4 Light microscopy images showing the dispersion of MWCNTs in polycarbonate under 
various melt mixing conditions.
43
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For other conductive fillers like graphite and graphene, the dispersion strategies are also 
concentrated on the surface functionalization of fillers, changing mixing conditions and using 
plasticizers or compatibilizers. All in all, the separation of entangled carbon nanotubes or other 
carbonaceous nanofillers and preventing them from re-agglomeration in the polymer matrix are 
of decisive importance for the fabrication of CPNCs using melt mixing method, and details were 
summarized in some reviews.
44, 62-65
 
2.2.3 Solution mixing 
      To get significant mechanical reinforcement and high electrical conductivity using as low 
content of conductive nanoparticles as possibly is one of the biggest pursuits for material 
scientists. As a result, to realize the true exfoliation of sheet-like fillers, such as graphite and 
graphene or their derivatives, and breaking up agglomerates of single-walled carbon nanotubes 
(SWCNTs) and MWCNTs, as well as metal particles from their agglomerates, is of particular 
significance for the fabrication of CPNCs. As mentioned above, the dispersion of nanoparticles in 
the polymer matrix relies heavily on the viscosity of polymer matrix, dispersion methods and 
conditions like shear stresses and mixing time, etc. In this case, it seems facile to disperse 
nanoparticles in diluted polymer solutions because of the low viscosity in solutions of polymer or 
its monomers, it is much easier to mix nanoparticles with them in diluted solutions, which 
facilitates and accelerates the steps of wetting and infiltration, so the agglomerate strength will be 
reduced. In general, the ultrasonic vibration, magnetic or mechanical stirring are applied to aid 
the dispersion of nanoparticles in the diluted solutions. Even if introduced shear stresses for the 
dispersion processes rupture and erosion are lower compared to that used in high viscous 
matrices during melt mixing, this may lead also to good breaking up of the nanoparticles. In 
addition, polymer-nanoparticle interactions may be increased to some degree by the more 
intimate contact between nanoparticles and diluted polymer chains. Besides, it is easier to well 
disperse nanoparticles in organic solvents if the surface of nanoparticles is chemically modified 
by some compatible chemical groups or grafted with some polymer chains, which also can 
improve polymer-nanoparticle interactions. Therefore, solution mixing also exhibits a lot of 
advantages in contrast to melt mixing. 
      In some cases lower electrical percolation thresholds ΦC and better mechanical reinforcement 
can be observed in solution-mixed CPNCs in contrast to melt-mixed ones. Next to dispersion 
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differences, also differences in sample geometry and nanotube arrangement as well as length 
reduction may play a role here. Solution mixed composites are normally cast into thin films and 
during this procedure a rather two-dimensional arrangement of anisotropic fillers, like e.g. 
nanotubes is achieved in comparison to compression molded melt-mixed samples with normally 
thicker samples and more 3D arrangement of the fillers. In addition, shortening or size reduction 
of breakable fillers, like length reduction of nanotubes, is less pronounced when lower shear 
stresses are transferred. Shortening of e.g. nanotubes is not only reported for melt mixing
66
, but 
also for the use of ultrasonic in solution processing
67
. In summary, solution mixing is a facile way 
to obtain CPNC films and prepare polymer composites with very good dispersion and very low 
contents of nanoparticles, e.g. 0.01% or 0.05%, etc., but is mainly related to small scale and 
scientific research. 
      Usually, there are different ways for the preparation of CPNCs through a solution mixing 
route regarding to different kinds of polymers. For example, for CPNCs based on the polymers 
like polystyrene (PS)
68-69
, polymethyl methacrylate (PMMA)
70-72
, polyamide (PA)
73-75
, polyimide 
(PI)
76-77
 and conductive polymers
78-79
, in situ polymerization was shown to be a very effective 
way. However, for polymers like polyethylene (PE)
80-81
, polypropylene (PP)
82-83
, PVDF
84-86
, 
polylactic acid (PLA)
87-89
, etc., solution mixing was facile to obtain thin CPNC films and to 
realize the homogeneous dispersion of graphene or SWCNTs through casting the composite 
suspensions. It is necessary to note that some ultrathin CPNC films and fibers can also be 
obtained by spin coating or electrospinning, respectively, which can also be categorized to 
solution mixing methods. Besides, aiming to improve the dispersion of particles and their affinity 
with polymer matrices, surface functionalization of nanoparticles with some chemical groups or 
even polymers besides using some surfactants is of great importance in solution mixing. The 
chemical modification of carbon nanotubes and graphene with polymers primarily contains two 
routes, e.g. ‘‘grafting from’’ and ‘‘grafting to’’, as widely investigated in some review papers
90-93
.  
2.3 Electrical conductivity of CPNCs 
  2.3.1 Conductive nanoparticles 
      Typical polymers such as thermoplastics, rubbers, natural polymers, etc., are electrical 
isolators. However, some electrically conductive polymers are known. For instance, the 
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conductivity of doped polypyrrole (PPy) and polyacetylene can reach ca. 10
4
 S/cm
94
, which is 
very close to that of conductive nanoparticles shown in Table 2.1. However, intrinsically 
conductive polymers are not soluble, which makes them very difficult to be processed. In 
addition, they have much poorer mechanical strength in contrast to typically conventional 
polymers. All these greatly restrict their wide engineering applications in practice. Therefore, the 
other way to prepare CPNCs, i.e. blending polymers with electrically conductive fillers, has 
received more attention in last decades. The incorporation of conductive fillers like carbon black 
(CB), carbon nanofibers (CNFs), carbon nanotubes (CNTs), expanded graphite (EG) and 
graphene, to isolating polymers is the most common way. The reached conductivity values are 
dependent on filler content and processing techniques. Unlike the synthesis of conductive 
polymers, the preparation of CPNCs is relatively facile, low-cost and environmentally friendly. 
Besides, they can be tailored to engineering materials with various applications according to their 
resistivity, as presented in Fig. 2.5 on the example of surface resistivity.  
 
Fig. 2.5 Classification of materials with various surface resistivity and applications.
95
 
  
In general, there are a lot of choices for the selection of conductive fillers when CPNCs are 
prepared by blending those fillers with isolating polymers. For example, metal-based 
nanoparticles like gold, silver, copper, etc., were first employed to fabricate CPNPs because of 
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their excellent electrical conductivity. Chemically functionalized derivatives of them are widely 
applied in practice so as to improve the interfacial interactions between these nanoparticles and 
the polymer matrix. Besides metal-based conductive nanoparticles, inorganic carbonaceous 
inclusions such as CB, CNFs, CNTs, nanosheets of EG and graphene, which are shown in Fig. 
2.6, are paid more attention to due to their low density and large aspect ratio which generally 
contributes to lower electrical percolation threshold and favorable mechanical reinforcement 
effects compared to metal particles.  
 
Fig. 2.6 Transmission electronic microscopy (TEM) images of CB, vapor grown carbon 
nanofiber (VGCNF), MWCNTs and single layer graphene, from left to right, respectively.
96-99
  
 
Table 2.1 Geometry and physical properties of carbonaceous fillers.
64, 100-101
  
Property VGCNF SWCNTs MWCNTs Graphene 
Diameter/Thickness (nm) 50-200 0.6-1.8 5-50 0.335 
Length (µm) 50-100 0.2-6 0.2-5 1-5 
Aspect ratio 2500-20000
 
100-10000 100-10000 700-7100 
Density (g/cm
3
) 2 1.3
64
 1.75 ~1.3 
Thermal conductivity (W/mK) 1950 3000-6000 3000-6000 3000 
Electrical conductivity (S/cm) 10
4
 10
3
-10
4
 2×10
3
-10
4
 7200 
Tensile strength (GPa) 2.92 50-500 10-60 ~130 
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 2.3.2 Electrical conductivity of CPNCs 
      It is known that a great majority of polymers are isolating, thus the conductivity of CPNCs is 
solely contributed by the electrically conductive filler inclusions. Therefore, to generate electrical 
conductivity in CPNCs, a critical amount of conductive fillers has to be added into the isolating 
polymer matrix so that they can connect or get close enough to each other to form through-going 
conductive pathway in the matrix. At this time, a jump of conductivity with several orders of 
magnitude, i.e. an isolator-conductor transition, can be observed in the percolation curve 
(electrical conductivity is plotted with filler content), as shown in Fig. 2.7. The critical amount of 
incorporated fillers is called percolation threshold, ΦC. Based on the percolation theory
102
, ΦC 
can be described by the following equation: 
σ=σ0(Φ-ΦC)
t
     for Φ>ΦC                                                                                  (5)                                                                                                                 
where σ is electrical conductivity of CPNCs, Φ is the volume fraction of the filler, ΦC is the 
percolation threshold, σ0 is a parameter basically depending on the electrical conductivity of the 
filler, and t is the critical exponent universally related to the dimensionality of the conductive 
network formed in CPNCs. It is widely accepted that t≈1.3 and t≈2.0 refer to two- and three-
dimensional network.
103-104
 However, the ΦC of CPNCs is determined by the formation of 
conductive network or pathway of fillers in the matrix, which is generally affected by the 
processing conditions and geometry of particles, as well as the morphology of the final CPNCs, 
therefore wide variations of t values were observed in many studies, and this is thought to be 
mainly influenced by the tunneling resistance distribution in systems.
104
  
      Beyond percolation, the dependence of conductivity on the filler content decreases and finally 
a saturation of conductivity can be seen, as revealed by the conductivity plateau in their ‘‘S-
shape’’ percolation curves provided in Fig. 2.7. Besides, the network of conductive fillers are 
loose when the content of fillers is slightly above ΦC, while dense network can be observed in the 
nanocomposites with filler contents much higher than ΦC (the upper plateau region in the “S-
shape” curve), as shown in Fig. 2.7. Different kinds of conductive fillers possess different levels 
of electrical conductivity, as shown in Table 2.1, and their contribution to the conductivity of 
CPNCs also relies on their dispersion states in the polymer matrices, which is frequently 
demonstrated by the percolation thresholds of CPNCs. Herein, it is worth emphasizing that the 
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piezoresistive behavior of CPNCs is frequently focused on the samples slightly above their ΦC, 
that is to say, only the conductive nanocomposite samples are paid attention to in terms of their 
piezoresistive effects. Therefore, ΦC serves as a gauge for the determination of CPNCs selected 
for the piezoresistive investigations.  
 
Fig. 2.7 Schematic illustrations of the percolation curve of fillers in conductive CPNCs.
105
  
       
      Modeling studies indicate that the ΦC of CPNCs is strongly associated with the aspect ratio of 
the conductive particles as illustrated in Fig. 2.8. According to Hu et al.
106
 ΦC can be predicted 
by an empirical model 03.01.1)(  DLC , in which L and D mean the length and diameter of rod-
like particles, respectively. Therefore, lower ΦCs are observed in CPNCs containing 1-D 
graphene or functionalized graphene sheets (FGS) or 2-D VGCNF and CNTs. On the contrary, 
the ΦC in CPNCs filled with sphere-like particles like CB or metal is supposed to be higher in 
theory. Herein, it is worth noting that taking PVDF nanocomposites for an example to show the 
influence of conductive fillers, processing method and conditions on the values of ΦC, which is 
based on the consideration of this thesis is about the piezoresistive behavior of carbon nanotubes 
filled PVDF nanocomposites. Table 2.2 summarizes experimentally obtained values of ΦC in 
some PVDF based CPNCs filled with various types of conductive fillers and processing methods. 
It can be seen that both the filler type and processing methods can influence the ΦC of PVDF 
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nanocomposites greatly. As mentioned above, PVDF nanocomposites with filler contents above 
their ΦC are potential for the piezoresistive behavior investigations. More importantly, the 
nanocomposites with filler content getting closer to the ΦC exhibit relatively higher piezoresistive 
sensitivity, which is because of the looser conductive network/pathway in those nanocomposites. 
Therefore, the pursuit of low-percolated PVDF nanocomposites or obtaining loose conductive 
network/pathway is commonly preferred. This suggests that the piezoresistive behavior of PVDF 
based CPNCs can be tuned by the selection of conductive fillers, processing methods and 
conditions, as well as the conductive network structure of fillers in the polymer matrix, which 
will be discussed in details in the results and discussion of this thesis. 
 
Fig. 2.8 Schematic of individual (a) sphere-like nanoparticles, (b) nanoplates and (c) nanotubes 
located in a unit cell based on an assumption of a 3-D random distribution model, respectively. 
The estimated ΦC as a function of (a) the diameter of metal nanoparticles, (b) diameter and 
thickness (t) of graphite nanoplates, and (c) aspect ratio and dispersion state (ε is the localized 
volume content of CNTs in an agglomerate and is the volume fraction of agglomerated CNTs) of 
CNTs.
107
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Table 2.2 Summaries of the ΦC of PVDF nanocomposites containing various kinds of conductive 
fillers and prepared by different methods. 
PVDF  
resin 
filler 
processing ΦC 
(wt. %) 
Ref. 
SM MM 
FR903 acetylene CB 
average size 50 nm 
1.0 wt. % c-
aminopropyl 
triethoxysilane 
 
8  
108
 
Solef 
1010 
VGCNF 
D 150 nm 
L 30-100 μm 
DMF, 
ultrasonic 
 
2  
109
 
 as-grown 
SWCNTs 
2.9 wt.% Nickel 
& 0.6 wt.% Yttrium 
acetone,  
ultrasonic 
 
2 
25
 
FR901 MWCNTs 
D 20-30 nm 
L 10-30 µm 
 
Haake 
Rheomixer 
190 °C, 15 
min 
1.9  
110
 
KF850 MWCNTs 
D 10-20 nm 
 
 
ultrahigh-
shear extruder, 
220 °C, 1000 
rpm, 4 min 
1.5  
56
 
 MWCNTs 
D 10-20 nm 
L ca. 30 µm 
mixing MWCNTs 
& PVDF in 
ethanol, 
ultrasonic 
 
4.65 
111
 
 MWCNTs 
D 10-50 nm 
L 4-10 µm 
DMAc, 
ultrasonic  
 
0.07  
112
 
Kynar graphite DMF and acetone  2.4  
113
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740 T 50 nm 
D 10 µm 
(2:1, vol/vol),  
ultrasonic at 
70 °C 
Kynar 
711 
EG 
FGS 
DMF, 
ultrasonic 
 5  
2  
114
 
Abbreviations used in this table. SM: solution mixing; MM: melt mixing; D: diameter. L: length. DMF: N, N-     
dimethylformaide. DMAc: dimethylacetamide. MWCNTs-COOH: MWCNTs functionalized with -COOH groups. 
MWCNTs-NH2: MWCNTs functionalized with -NH2 groups. MWCNTs-OH: MWCNTs functionalized with -OH 
groups. 
  
2.4 Mechanical properties of polymer nanocomposites containing 
carbonaceous nanofillers 
 2.4.1 Tensile strength reinforcements of polymer nanocomposites with 
carbonaceous nanofillers  
It is well known that the incorporation of nanofillers into polymers can improve their strength 
and modulus, which is related to the mechanical strength, geometry size and aspect ratio of bulk 
nanofillers, their dispersion levels in the polymer matrix and the interfacial bonding between 
nanofillers and polymers. As shown in Table 2.1, pure nanofillers like VGCNF, CNTs and 
graphene possess very high tensile strength and therefore they are used extensively as reinforcing 
fillers for polymer matrices. In addition, they also can contribute excellent electrical and thermal 
conductivity and, in case of semi-crystalline polymers, nucleation effects to the polymer matrix. 
Such polymer nanocomposites are good candidates for low-weight multifunctional materials used 
in electronics, autos, airplanes and sports equipment, etc. Since the modulus and strength of 
CNTs and graphene are a few orders of magnitudes higher than those of common polymers, the 
Young’s modulus and yield stress of composites are generally enhanced with the incorporation of 
nanofillers. However, the reinforcement effect is generally influenced by a lot of factors, such as 
the filler aspect ratio, state of filler dispersion, alignment of fillers and interactions at the filler-
polymer interface, which also may be influenced by the processing method and conditions.
62-64, 
115-117
 Owing to the ‘‘nano-effect’’ of nanofillers contributed by their extra specific surface area 
on the physical property of polymers and nanofillers with larger aspect ratio are easier to form 
32 
 
network which can more effectively increase the energy dissipation during the mechanical 
deformation, both the specific surface area and aspect ratio of nanofillers play significant role in 
the mechanical reinforcement of polymer nanocomposites. However, a uniform dispersion of 
fillers is normally the most fundamental issue among all those factors. Uniform dispersion of 
nanoparticles in polymer matrices, together with the polymer chains adsorbed or coated to 
nanoparticles, is beneficial to realize good interface bonding between the polymer matrices and 
nanoparticles, which is crucial for the stress transfer from polymer matrices to nanoparticles. 
Besides, the enhancement of tensile strength or tensile modulus increases with increasing filler 
content and this increase becomes mild at high content of fillers or the filler content reach a 
critical value. Fig. 2.9 gives stress-strain curves, electrical conductivity and elongation at break as 
a function of MWCNT content of PE/MWCNT nanocomposites. The insert in Fig. 2.9(a) is the 
plotting of tensile modulus vs MWCNT content. As shown in Fig. 2.9(a), yield stress (the stress 
at the yield point) increases with increasing MWCNT content for PE/MWCNT nanocomposites 
and the tensile modulus (Et) also increases with MWCNT content, as presented in the insert. On 
the contrary, the agglomeration of fillers triggers stress concentration in polymer nanocomposites, 
which is always accompanied with severe deterioration of ductility
117
, especially for the 
nanocomposites with high filler contents or filler content above ΦC.  
 
Fig. 2.9 (a) Stress-strain curves of PE/MWCNT nanocomposites with various contents of 
nanotubes and (b) electrical conductivity and elongation at break of PE/MWCNT 
nanocomposites potted vs MWCNT content.
117
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2.4.2 Toughness improvement of polymer nanocomposites with 
carbonaceous nanofillers  
      Incorporation of nanofillers into polymers can effectively enhance their tensile strength and 
modulus due to their intrinsic super-high mechanical strength, whereas they generally result in 
the loss of the ductility of polymers, as evidenced by the example provided in Fig. 2.9(b). 
Although CNTs and graphene are flexible to some degree compared with ceramic and metal 
particles, their residual agglomerates or bundles in the matrix trigger the stress concentration and 
poor interface stress transfer during the tensile testing, which lead to the deterioration of ductility 
of polymers. However, in some studies
118-121
 it was found that improved toughness can be 
obtained in some polymer nanocomposites in which particles and the matrices are well bonded by 
chemical reactions or strong interface interactions. For example, it was reported that epoxy 
composites filled with double-walled CNTs (DWCNTs) functionalized with amino groups (-NH2) 
exhibit higher fracture toughness in contrast to those filled with pristine DWCNTs due to the 
strong interface bonding between nanotubes and the epoxy matrix.
118
 Besides, Zhu et al.
119
 and 
Fang et al.
120
 also reported that functionalized CNTs and graphene can endow epoxy good 
toughness through covalent bonding between epoxy and CNTs or graphene, respectively. In 
addition, for thermoplastics, Chen et al.
121
 reported both increments in tensile strength and 
toughness were obtained in the robust polyurethane/functionalized graphene nanocomposites 
owing to the residual hydrogen and epoxide groups on reduced sheets of graphene oxides bonded 
with polyurethane chains. Mandal et al.
122
 found that PMMA-grafted MWCNTs can effectively 
enhance the tensile strength and toughness of PVDF nanocomposites due to the improved 
dispersion of PMMA-grafted MWCNTs in the PVDF matrix and interface bonding contributed 
by carbonyl and -CF2 groups. These illustrate that interfacial bonding plays a crucial role in the 
improvement of toughness in PNCs. Beyond that, it is also possible to improve the toughness of 
PNCs through tuning their crystalline phases, e.g. attempting to obtain large amounts of needle- 
or feather-like lamellae to improve the ductility of PNCs, like -phase crystals in PP
123-124
, -
phase in polyamide 12
125-126
 and polar - and -phase crystals in PVDF
31-32
, etc., which provide 
them good toughness.  
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2.5 Effects of ΦC and mechanical ductility on piezoresistive 
sensitivity of CPNCs  
      Piezoresistive effects mean the change of resistance of electrically conductive materials under 
mechanical deformation; hence the conductivity and mechanical deformation are two main 
factors which play a crucial role in the determination of their piezoresistive sensitivity. For one 
thing, the percolation threshold and electrical resistance or resistivity, which are influenced by the 
chemical functionalization and geometry of fillers, as well as the alignment and dispersion of 
conductive fillers in the polymer matrix, etc., are probably direct and primary factors for the 
determination of the ΔR/R0-strain sensitivity under compression and tensile strains. As presented 
in Fig. 2.10 in the left schematic, there are loose networks or limited pathways of conductive 
fillers (taking CNTs as an example) in the CPNCs when the filler content is equal to ΦC. In this 
circumstance, the resistance change under mechanical deformation is definitely arresting, and it 
rises quickly with the stress or strain loading.  
 
Fig. 2.10 Schematic illustration of deformation of loose and dense networks of CNTs under 
tensile stress for CPNCs. 
 
     On the contrary, there will be many pathway or dense network in the polymer matrix once the 
concentration of fillers is much higher than ΦC, as revealed by the schematic of networks shown 
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in Fig. 2.10 in the right one. In this case, the sensitivity of ΔR/R0 to pressure or tensile strain will 
be lower compared with those nanocomposites with filler contents slightly higher than ΦC under 
the same stress or strain. Therefore, it is widely reported that the samples with filler contents 
closer to ΦC usually exhibit better piezoresistive sensitivity or larger GFs in the CPNCs.
17, 25, 127-
131
 This means that the gap between the actual filler content in the CPNCs and their ΦC is 
probably a meaningful reference factor for the comparison or evaluation of their piezoresistive 
sensitivities if the nanocomposites with various contents of fillers are comparatively investigated.  
In general, ΦC can only suggest that the formation of conductive pathway in the CPNCs, and 
the lower resistivity means the compactness of conductive network and numbers of conductive 
pathway will be correspondingly higher and larger. However, the lower resistivity can only 
suggest that more conductive pathway or denser network are formed in the polymer matrix once 
the filler content is much higher than ΦC. Given all that, they can only qualitatively reveal the 
information about conductive network and pathway of conductive fillers in fact. Besides, this 
issue will become more complicated in the CPNCs with hybrid conductive fillers because of the 
increased complexity of the conductive pathway and network consisting of conductive fillers 
with different geometries. As a result, ΦC and resistivity can only be considered as apparent 
factors for the determination of piezoresistive sensitivity of CPNCs. For another, the deformation 
and disconnection of conductive network or pathway is strongly related to the mechanical 
ductility of the polymer matrix and the interface bonding between fillers and polymers. Generally 
speaking, the CPNCs consisting of more ductile polymers will have better piezoresistive response 
to mechanical deformation under the same stress loading, because the deformation of polymers 
can induce the larger deformation of network/pathway once the polymer matrix is more 
susceptible to the same stress. That is why rubber/elastomer based CPNCs exhibit better 
piezoresistive effects than CPNCs based on thermoplastics and thermosets. In addition, the strain 
range will be influenced by the mechanical toughness of the polymer matrix. Fig. 2.11 provides 
the stress-strain curve of a thermoplastic polymer as an example to illustrate the effect of yield 
strain on the piezoresistive property of thermoplastic based CPNCs. Generally speaking, the 
deformation of thermoplastic materials is elastic and considered as reversible before the yield 
point
132
, which is the critical stress point after which the stress begins to decrease at first time in 
true stress-strain curves, as shown in Fig. 2.11. So, the piezoresistive behavior of CPNCs based 
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on thermoplastics before the yield point/strain is potential and practical for the strain sensing if 
taking their safety and lifetime under cyclic testing environment into account. If so, it is 
necessary to enlarge the yield strain of piezoresistive CPNCs so that they can be applied under 
large strains toward strain sensing applications. In this case, it is possible to obtain high 
piezoresistive sensitivity and wide measurable strain ranges in thermoplastic based piezoresistive 
CPNCs used for large stress, which are superior to rubber/elastomer based piezoresistive CPNCs 
in terms of strain sensing applications under high-level stress. 
 
Fig. 2.11 Typical stress-strain curve of a unfilled thermoplastic polymer.
132
  
 
Besides, the yield strain is also associated with the deformation of polymers under tensile 
strain. The deformation is larger under the same yield stress if the yield strain is larger for the 
same polymer matrix. Once the deformation ability of the polymer matrix is improved, the 
deformation of conductive network will be increased at the same stress, which will lead to higher 
piezoresistive sensitivity in CPNCs. In addition to this, the piezoresistive sensitivity against strain 
will further increased due to better load transfer from polymer to fillers if the interfacial bonding 
between polymer matrix and network of conductive fillers can be strengthened. Therefore, it is of 
great significance to investigate mechanical ductility and yield strain of piezoresistive CPNCs for 
tuning their piezoresistive sensitivity and sensing strain ranges. 
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2.6 Strategies to fabricate strain sensors 
Usually there are three main strategies to fabricate strain sensors if the response of electrical 
signals to mechanical stimuli is taken into account
133
, 1) using the relative capacitance change 
(ΔC/C0) with the mechanical strain loading to monitor the strain, i.e. capacitive strain sensors; 2) 
taking advantage of ΔR/R0 under mechanical strain to etect the mechanical strain in the materials, 
i.e. piezoresistive strain sensors; 3) with the response of relative voltage change (ΔV/V0) 
appearing in the piezoelectric materials to mechanical deformation to detect strain, i.e. 
piezoelectric strain sensors. In general, the relationship between the change of electrical signals 
and strain can be established if the response of ΔC/C0 (ΔR/R0 or ΔV/V0) as a function of strain (ε) 
is built, as shown in Fig. 2.12.  
 
Fig. 2.12 Schematic illustrations for the force-electrical signal response of (a) capacitive, (b) 
piezoresistive and (c) piezoelectric type strain sensors.
133
 
 
            Capacitive strain sensors are very suitable for low pressure (<1 MPa) and small tensile stress 
(<5 MPa) with high sensitivity of capacitance-force or capacitance-strain. Piezoelectric strain 
sensors are concentrated on the piezoelectric materials, which are relatively more rigorous than 
the other two because of the requirement of excellent piezoelectricity in materials. Besides, the 
38 
 
strain-sensing ability is dependent on the piezoelectric and electro-mechanical coupling 
coefficients of the materials. In addition to this, the measurable strain range is also quite narrow 
and cost of piezoelectric materials is generally very high. Compared with the two aforementioned 
strain sensors, piezoresistive strain sensors have much wider pressure regimes and are known as 
versatile strain sensors, which are able to detect compression, tensile, shear and squeeze strain, 
etc. Most importantly, they are facile to be produced, and it is able to tailor the resistance-strain 
sensitivity and measurable strain or stress range. The discussion in the following subsections will 
focus on the piezoresistive and piezoelectric strain sensors.  
 
  2.6.1 Piezoresistive strain sensors 
Piezoresistive strain sensors are designed by taking advantages of the electrical resistance 
change subjected to mechanical deformation in the materials. Since there are wide selections of 
materials and fabrication methods, and they can undergo much higher pressure, they possess 
extensively practical applicability like strain gauges, printable strain sensors for human motion 
detection, detective sensors for SHM, gas leakage and displacement detection, etc. According to 
the mechanical deformation ability of the polymer matrix used for hosting conductive fillers, they 
can be mainly divided into two sorts, i.e. elastomer- and thermoplastic-based resistive pressure 
sensors. For the former, because of their distinct elastic property, they are more extensively 
employed to host conductive fillers, such as metal particles and their derivatives like nanowires 
and nanoribbons and carbonaceous nanoparticles, etc. Besides, attempting to achieve a high 
sensitivity ΔR/R0 to pressure or tensile strain, sandwich-like structures are favored for the 
fabrication of such sensors toward pressure/strain sensing applications under low pressure or 
stress. In general, there are three main approaches to prepare piezoresistive strain sensors, as 
shown in Fig. 2.13. The first one is based on layer-by-layer (LBL) structure design approach, 
which is suitable for the fabrication of sandwich-like piezoresistive strain sensors, like capacitive 
ones. The middle picture in Fig. 2.13 introduces an approach compatible with engineering to 
fabricate piezoresistive CPNCs. The last one shows the fabrication of piezoresistive CPNCs 
through a wet mixing route, which has advantages for the fabrication of films, gels and porous 
structure. Therefore, this proves that piezoresistive strain sensors are versatile and have more and 
wider engineering application potential. 
39 
 
 
Fig. 2.13 Schematic illustration of the methods for the preparation of piezoresistive 
composites/nanocomposites. 
 
2.6.1.1 Piezoresistive pressure sensors  
      Like metal-foil strain gauges, the straightforward application of piezoresistive strain sensors 
is pressure sensors. In practice, elastomers or rubbers based piezoresistive composites or CPNCs 
are greatly preferred because of their super deformation abilities under pressure, which trigger the 
tunneling resistance change of conductive pathway/network more easily compared with plastic-
based ones. Among elastomer-based resistive pressure sensors, PDMS and thermoplastic 
polyurethane (TPU) are particularly favored matrix materials because of their excellent 
biocompatibility and versatile processability.  
2.6.1.1.1 Piezoresistive pressure sensors prepared using a LBL method 
      For PDMS based sensors, they are frequently fabricated using a LBL method to achieve a 
sandwich-like architecture by embedding conductive AgNWs, CNTs or graphene into PDMS, 
and the sensor’s resistance depends on the intrinsic conductivity and the stacking of conductive 
materials. For instance, Pang et al.
3, 8
 dexterously designed an interlocking structure using Pt-
coated nanofiber arrays, which were assembled on PDMS substrates, to achieve flexible and 
highly sensitive pressure sensor parallel to and even better than existing ones made of graphene 
films and metal alloys. To get this kind of interlocking microstructure, arc or pyramid 
architecture is favorable for the resistance change under pressure because of two advantages: 1) 
they have smaller shape factors than that of cylindrical pillar one
5
; 2) the sharp tunneling 
resistance reduction triggered by point contact between conductive layers, which can also be 
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revealed in investigations conducted by Pan et al.
4
, Gong et al.
7
 and Park et al.
134
. There are some 
other choices to tune the pressure-resistance sensitivity of PDMS sensors by tailoring their 
architectures. For example, Su et al.
135
 recently reported a bio-inspired strategy to fabricate 
mimosa-like pressure sensors without using traditional lithography technique, which exhibit 
higher sensitivity than those previously-reported ones with an interlocking or pyramid structure. 
Meanwhile, the use of different conductive layers, such as Au
136
, graphene
137
, composites 
consisting of CNTs and nematic liquid crystals
138
, is also one of the choices for tuning 
piezoresistive sensitivity of pressure sensors. Examples for achieved sensitivities are summarized 
in Table 2.3. It can be seen that the pressure sensors fabricated using a LBL method exhibit quite 
good sensitivity of pressure-resistance under very low pressure, which are potential to mimic the 
human skin motion like capacitive pressure sensors as discussed in the former section. Their 
special structure make them quite susceptible to pressure, however, they may undergo pressure 
no higher than 1 MPa, which means that they are only used under low pressure like several Pa or 
kPa with the consideration of security.  
Table 2.3 Short summary of elastomers-based sandwich-structured pressure-type tactile 
sensors reported in recent years. 
substrate 
Conductive 
layers 
architecture sensitivity 
pressure 
range 
Ref. 
PDMS 
interlocked 
Pt-coated 
nanofibers 
sandwich GF≈11.45 1.5 kPa 
8
 
PDMS 
Pyramid arrays of 
PEDOT:PSS/PU 
suspension 
sandwich 4.88 kPa
-1
 8 kPa 
5
 
ITO-coated 
PET 
hollow-sphere 
micro-structured 
PPy film 
sandwich 
56-133.1 
kPa
-1
 
10 kPa 
4
 
PDMS 
Coated AuNWs 
on PDMS 
sandwich 1.14 kPa
-1
 5 kPa 
7
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PDMS 
PDMS-CNT 
composites 
sandwich 15.1 kPa
-1
 59 kPa 
134
 
PDMS deposited Au sandwich 50.17kPa
-1
 1.5 kPa 
135
 
PDMS deposited Au sandwich 0.23 kPa
-1
 6.67 kPa 
136
 
PET 
graphene 
deposited on 
PDMS 
sandwich 5.53 kPa
-1
 1.4 kPa 
137
 
PET/glass 
LC-CNTs in 
PDMS 
sandwich 2 kPa
-1
 240 kPa 
138
 
Kapton PDMS-Ni sandwich 0.2 kPa
-1
 1.5 MPa 
139
 
Pt: Platinum. PEDOT: PSS: poly(3,4-ethylenedioxythiophene) polystyrene sulfonate. ITO: tin-doped 
indium oxide. PET: polyethylene terephthalate. AuNWs: gold nanowires. LC: liquid crystal. Ni: Nickel. 
 
2.6.1.1.2 Piezoresistive pressure sensors prepared using conventional methods  
      Since the fabrication of piezoresistive pressure sensors using a LBL method includes the 
assembling and etching of conducting layers, which are complicated, time-consuming and high-
cost. Besides, they are only suitable for the sensing applications under very low pressure, e.g. 
hundreds or thousands of Pa. To overcome this limitation, some CPNCs based piezoresistive 
pressure sensors, which are prepared by directly mixing rubbers with conductive fillers using 
conventional methods (i.e. solution mixing and melt mixing), were paid attention to, as shown in 
Table 2.4. This kind of sensor is suitable for pressure up to 1 MPa and also exhibits good 
sensitivity to pressure around hundreds of kPa. Besides, the pressure-resistance sensitivity can be 
tuned by the selection of processing methods, the rubber/elastomer matrix and conductive fillers. 
Compared with those pressure sensors produced via a LBL method, the fabrication of CPNC-
based piezoresistive pressure sensors is more facile and low-cost.  
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Table 2.4 Summaries of the preparation and pressure sensitivity of the elastomers-based pressure 
sensors fabricated through conventional processing routes. 
Substrate 
material 
Conductive 
fillers 
processing Sensitivity & Max. pressure Ref. 
PDMS 
alkyl-
functionalized 
graphene 
SMC 333.3 MPa
-1
, 1.2 MPa 
140
 
NPIP CB CRV 0.56 MPa
-1
, 0.1 MPa 
141
 
PIP CB V 400 MPa
-1
, 0.3 MPa 
142
 
PDMS Cu and Ni SC 0.99 MPa
-1
, 4 MPa 
128
 
SR Graphite SC 30 GPa
-1
, 0.7 MPa 
129
 
PDMS MWCNTs MM 0.33 MPa
-1
, 0.6 MPa 
130
 
SR CB & GNPs SMC 
0.76 MPa
-1
 for CB+GNPs, 
0.67 MPa
-1
 for CB, 1 MPa 
143
 
PDMS 
MWCNTs & 
GNPs 
CRMC 600 MPa
-1
, 0.32 MPa 
144
 
NPIS: nature polyisoprene. PIP: polyisoprene. SR: silicone rubber. SMC: solution mixing and curing. CR: 
cold roll. V: vulcanization. CRV: cold roll and vulcanization. CRMC: cold roll, mill and curing. 
 
      In order to enlarge the endurable pressure range of those pressure sensors, thermoplastic 
based ones, which are fabricated through conventional preparation routes like solution casting 
and melt processing, etc., have been reported. For instance, Lu et al.
17
 systemically investigated 
the piezoresistive behavior of polyethylene (PE) based CPNCs filled with exfoliated graphite and 
reported that both the increase and decrease of resistance with increasing pressure (PPE and NPE 
phenomena, respectively) can be seen in PE/graphite composites. Low pressure facilitates the 
interconnection of graphite particles to some degree and thus, in this case, NPE can be observed. 
However, with the increasing pressure the latter is more pronounced due to pressure-induced 
orientation of PE crystals and graphite sheets, which triggers the disruption of conductive paths 
and leads to PPE phenomenon. They reported that the transition from NPE to PPE depends on the 
type and content of exfoliated graphite, as well as its dispersion and alignment in the PE matrix. 
Similarly, Wang et al.
131
 proposed that the gap between conductive CB particles becomes smaller 
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under low pressure and it leads to the decrease of tunneling resistance of existing conductive 
network or the formation of new conductive paths explaining the NPE phenomenon, while the 
compression also results in the slippage of CB which disrupts the conductive paths in CPNCs, 
which explains the PPE phenomenon.  
      Besides the effect of pressure on the piezoresistive behavior of CPNCs because of the 
conductive network change responding to different pressure, some other factors, like type and 
agglomeration state of conductive fillers, together with mechanical property of the polymer 
matrix, can also influence the piezoresistive behavior of CPNCs. For instance, Rizvi et al.
127
 
reported that SWCNTs filled PE nanocomposites exhibited lower ΦC because of the larger aspect 
ratio of SWCNTs in contrast to MWCNTs and GNPs, meanwhile they have lower piezoresistive 
sensitivity under the same pressure due to the more resilient network composed of SWCNTs. 
Likewise, Francis et al.
145
 compared the piezoresistive property of thermosetting poly vinyl ester 
and thermoplastic PP nanocomposites filled with three types of MWCNTs. They found that the 
length and thickness of MWCNTs influence the piezoresistive sensitivity of CPNCs, which is in 
agreement with Riviz’s
127
 results to some degree. Besides, they also found that the mechanical 
property of polymer matrices affects the piezoresistive behavior of their nanocomposites.  
      Aforementioned statements suggest that both the nanoparticle content and pressure influence 
the piezoresistive properties of CPNCs. Besides, the factors from the mechanical deformation 
ability of the polymer matrix, the dispersion or alignment and network structure of conductive 
nanofillers in the CPNCs influence their piezoresistive sensitivity. Therefore, it is difficult to 
clearly describe the relationship between nanoparticle content and piezoresistive effect in CPNCs 
because of the interference of the geometry and dispersion or alignment of nanoparticles. 
However, it is widely accepted that the CPNCs exhibit high pressure-resistance sensitivity if the 
content of conductive fillers is slightly higher than the ΦC and conductive network are loose. For 
example, Ferreira et al.
146
 found that GFs, which can reveal the piezoresistive response 
quantitatively, are strongly concentration-dependent and the largest value is generally obtained in 
the epoxy/VGCNF composite with the VGCNF content around ΦC. Accordingly, ΦC, which is 
influence by the aspect ratio, surface characterization like chemical functionalization and 
dispersion of conductive nanofillers in the matrix, can be considered as the reference content for 
the comparison of piezoresistive effect of CPNCs. In addition, the gap between the content of 
44 
 
conductive filler and ΦC should be paid great attention to if the piezoresistive sensitivity of two 
CPNCs is compared. This can be supported by the theoretical basis of piezoresistive behavior of 
conductive materials. The modeling analysis of piezoresistive behavior of CPNCs
147-148
 suggests 
that there are probably three origins for the piezoresistive effect of CPNCs:1) the deformation of 
nanoparticles, because CNTs and graphene are instinctively piezoresistive
149-150
; 2) the loss of 
connection or the change of tunneling resistance between nanoparticles; 3) the break of 
conductive paths. However, the latter two are more widely accepted by researchers because of the 
super strength of CNTs and graphene in contrast to the polymer matrix. So, it is not difficult to 
understand that the loose network in CPNCs, e.g. the content of nanoparticles slightly above the 
ΦC, are much more sensitive to the pressure, and in this case, particles are probably tending to get 
overlapped or form new network under low pressure, which is so-called NPE. Correspondingly, 
an increasing pressure can definitely trigger the disruption of loose network and it goes with PPE 
finally. However, dense network can be formed in CPNCs when the content of nanoparticles is 
far above the value of ΦC, in this case, the small compression strain possibly will not change the 
conductivity of CPNCs greatly under low pressure, while it will give rise to the separation or 
alignment of nanoparticles due to the orientation of molecular chains in the polymer matrix under 
high pressure, which results in the increase of tunneling resistance between conductive particles. 
Therefore, any factor which can influence the deformation of conductive network will affect the 
piezoresistive property of CPNCs. To get a better understanding of the preceding investigations 
about this topic, some reports are summarized in Table 2.5. It can be observed that the content 
and dispersion of fillers are main factors which influence the piezoresistive sensitivity of CPNCs. 
 
Table 2.5 Preparation, ΦC and key factors affecting piezoresistive effects of some plastics 
based CPNCs. 
polymer fillers ΦC processing key factors Ref. 
PE 
SWCNTs, 
MWCNTs
, GNPs 
1.99 wt%, 
1.38 wt%, 
5.99 wt% 
MB filler content 
127
 
PDMS, 
PE 
MWCNTs 
3 wt.% for 
PDMS, 2.2 
wt.% for PE 
DMC 
PDMS, 
MB for PE 
the morphology 
and modulus of 
polymer matrix 
130
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epoxy VGCNF 0.5wt% MMC 
dispersion and 
content 
146
 
PVDF SWCNTs ca. 2wt.% SM 
conductivity and 
temperature 
25
 
SR CB ca. 7.4 wt% SM CB content 
131
 
SR GNs ca. 1 vol. % SM GN concentration 
129
 
PE GNs, GD 
6.17 and 19 
vol.% 
RM 
the graphite type, 
content and its 
spatial distribution 
17
 
PVDF MWCNTs - MB 
pressure and 
MWCNT content 
151
 
PVE GNPs 0.226 wt.% SM GNP content 
152
 
SR: silicone rubber. PVE: polyvinyl ester. GNPs: graphene nanoplatelets. GNs: graphite nanosheets. GD: 
graphite powder. MB: Melt blending. DMC: dry mixing and curing. MMC: mechanical mixing and curing. SM:   
solution mixing. RM: roll and mixing. 
 
2.6.1.2 Piezoresistive tensile strain sensors  
2.6.1.2.1 Fibers coated with conductive layers used for tensile strain sensing 
Coating or depositing electrical conductive layers onto isolating glass or polymer fibers is a 
facile way to fabricate smart fibers used for strain sensing. This kind of sensors has very high 
piezoresistive sensitivity to tensile strain because of the conductive layers susceptible to 
mechanical stretching, but the sensitivity is strongly related to the thickness of the conductive 
layers on the fibers, as well as the concentration of conductive depositions. Besides, the 
measurable strain range is greatly dependent on the mechanical ductility of fibers. For example, 
Zhang et al.
11
 and Gao. et al.
12
 reported that smart fibers prepared by embedding MWCNT-
deposited glass fibers in epoxy (fiber surface roughly contains number of 380 MWCNTs per μm
2
 
in Zhang’s investigation and in Gao’s work the content of MWCNTs on glass fiber surface is 2.3 
wt. %) can be applied to detect the early microcracks and monitor their growth to detect the 
structure break occurs in the epoxy-MWCNT-glass fiber interphase. They can endure the tensile 
stress up to hundreds MPa and even GPa, however, the elongation at break for the fibers is ca. 
3.4%, which is limited by the rigidness of glass fibers. To obtain flexible piezoresistive fibers, 
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Fan et al.
10
 reported that using thermoplastic polyurethane (TPU) multifilaments to replace glass 
fibers used in literature 135 and 136 can get super flexible TPU/MWCNT fibers. The ductility of 
TPU (up to 1500% strain) can be effectively retained in the multifilaments, as presented in Fig. 
2.14 (a). Besides, the fibers show good reproducibility of piezoresistive sensitivity for cyclic 
loading between 20 and 100% tensile strain, as shown in Fig. 2.13 (b). However, GF is only 0.7 at 
100% strain for fibers deposited with 4.3 wt. % MWCNTs. 
 
Fig. 2.14 (a) Relative resistance (R/R0) of MWCNT-TPU multifilaments plotted with strain. 
SEM images show the morphology of the fibers with 2.3 % MWCNTs and that with 4.3% 
MWCNTs in the region I and III, severally. The arrows mark the stretching direction. (b) Applied 
strain and resulting change in R/R0 of the TPU multifilaments containing 4.3 % MWCNTs vs. 
time during cyclic loading strain between 20% and 100%.
10
  
 
      The aforementioned statements suggest that fibers based piezoresistive composites have 
advantages for tensile strain sensing, like the tunable tensile stress and strain ranges, facile 
fabrication, detection of the microcracks appeared in the material interphase and easy to be 
adhered to the monitored objects. Besides, the method is versatile for the fabrication of 
multifunctional smart fibers used in piezoresistive sensing elements and can be applied to other 
fiber systems. However, they are susceptible to the environment humidity
12
, which will give rise 
to an interference of the piezoresistive sensitivity if they are used in the environment with high 
humidity for SHM. In addition, the sensitivity of those fiber-based piezoresistive sensors is 
associated with the thickness or concentration of deposited MWCNTs and the interface bonding 
between MWCNTs and fibers/embedded polymer matrix. 
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2.6.1.2.2 CPNCs used for tensile strain sensing 
        Compared with conductive layers coated/deposited fibers based piezoresistive sensors, 
CPNCs based piezoresistive sensors used under tensile strain have received more attention. The 
primary two reasons for that are the much simple fabrication and controllable shape and 
piezoresistive property (gauge factor and strain range). Generally, elastomers and rubbers are 
favored because of their superior mechanical deformation ability, which trends to induce larger 
deformation of conductive network/pathway in elastomers or rubbers based CPNCs in contrast to 
that of the plastics based ones if subjected to the same stress.  
For elastomers based piezoresistive CPNCs, their piezoresistive sensitivity is greatly 
influenced by the electrical resistivity and compactness of conductive network, while these are 
closely related to the selection of conductive fillers and their dispersion in the matrix. Therefore, 
it is possible to tune the piezoresistive sensitivity of elastomers based CPNCs by selecting 
different types of conductive fillers and modulating their dispersion in the polymer matrix. For 
instance, Duan et al. reported
153
 that the processing methods can influence the resistance-strain 
sensitivity of styrene-butadiene-styrene (SBS) nanocomposites filled with various concentrations 
of MWCNTs, as shown in Fig. 2.15. It can be seen that the agglomeration of MWCNTs in the 
melt-mixed samples is quite severe, while the nanotubes in the solution-mixed ones are looking 
homogeneous, as shown by TEM images. Therefore, the agglomeration structure of nanotubes in 
the SBS/MWCNT nanocomposites prepared by two methods is totally different, as presented in 
the schematics under the plots, which results in different initial resistivity and resistance-strain 
sensitivity in those nanocomposites.  
Besides, Lin et al.
9
 found that the TPU nanocomposites consisting of hybrid fillers of 
MWCNTs and CB exhibit higher piezoresistive sensitivity compared with those with only 
MWCNTs due to the reduced entanglement of MWCNTs for the same total filler content. 
Additionally, they found that nanotubes-polymer interactions can influence the piezoresistive 
response if some pristine nanotubes were substituted by a small amount of functionalized ones 
although they have the same initial resistances, because the stronger nanoparticles-TPU 
interactions in this case can improve load transfer, which triggers the deformation of conductive 
network (along the stretching direction) more effectively accompanied with the deformation of 
the TPU matrix. This means that the structure change of conductive network induced by the 
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deformation of the elastomer matrix also play a significant role in improving the sensitivity of 
ΔR/R0 to strain in CPNCs. Likewise, Ji et al.
154
 also found that the highest resistance-strain 
sensitivity in the blends of TPU and SBS filled with MWCNTs if nanotubes are selectively 
dispersed in SBS due to the stronger nanotube-polymer interactions and the lowest resistance-
strain sensitivity can be obtained once nanotubes are selectively located in TPU owing to the 
better dispersion of nanotubes. However, the initial resistances in the former and latter are also 
the highest and lowest, respectively. Therefore, the initial resistance/resistivity is still a 
significant factor for the piezoresistive sensitivity of CPNCs. 
 
Fig. 2.15 Resistivity changes with tensile strain in SBS/MWCNT nanocomposites prepared by (a) 
melt and (b) solution mixing and TEM images showing the dispersion of MWCNTs in SBS (the 
scale bar in each TEM image is 0.5 µm). Correspondingly, schematic illustrations of the 
nanotube network under tensile strain are provided.
153
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Apart from resistance/resistivity, compactness of conductive network and the nanofiller-
polymer interactions, it was also reported that the mechanical deformation of the polymer matrix, 
e.g. the composition of soft and hard component in copolymers, can influence the resistance-
strain sensitivity. For example, Costa et al.
155
 found that the SBS/MWCNT nanocomposites with 
a lower content of styrene (C401, styrene (S)/butadiene(B) 20/80) exhibit not only lower yield 
and fracture strains but also the elongation at break than the nanocomposites with high content of 
styrene (C540; S/B 40/60), as shown in Fig. 2.16(a) and (b).  
 
Fig. 2.16 Stress-strain curves for SBS nanocomposites in which the mass ratio of styrene to 
butadiene is (a) 20/80 (using C401 to name the copolymer and (b) 40/60 (using C540 to denote 
the copolymer). (c) The electrical conductivity of SBS nanocomposites consisting of C401 and 
C540 various contents of nanotubes. (d) GFs develop with tensile strain for the SBS 
nanocomposites containing 8 and 10% MWCNTs. (e) The loading and unloading curves of SBS 
nanocomposites containing C401 or C540 together with 8% MWCNTs.
155
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Besides, the former has a higher ΦC and lower conductivity than the latter at the same 
MWCNT content, as presented in Fig. 2.16(c). In Fig. 2.16(d), it can be observed that the SBS 
nanocomposites with low content of styrene have larger GFs than those with a higher content of 
styrene. Besides, GF tends to decrease with the increasing strain in SBS nanocomposites 
containing higher content of styrene, while it normally increases with strain loading. Therefore, 
the components of copolymer elastomers or mass ratio of soft to hard phases in polymer blends, 
which behaves as different mechanical deformation ability, influence piezoresistive behavior of 
CPNCs besides their different resistivity. 
      In addition, the piezoresistive behavior of other elastomers/rubbers based CPNCs filled with 
other conductive fillers was also paid attention to in last decades and the details were summarized 
in Table 2.7. It can be seen that those piezoresistive composites have high piezoresistive 
sensitivity (GF) and strain range is also wide (strain is up to 100% or even higher). On the whole, 
three key points for piezoresistive elastomers/rubbers based CPNCs can be obtained from this 
table: 1) they have high sensitivity of ΔR/R0 to tensile strain and can undergo large strains; 2) the 
piezoresistive sensitivity depends on both the content of conductive fillers and the interfacial 
interactions between fillers and the matrix; 3) the deformability of the matrix can influence the 
piezoresistive response of the nanocomposites under tensile strain. 
Table 2.7 Summaries of the preparation methods and piezoresistive property of some elastomer-
based CPNCs. 
polymer & 
filler 
processing and notes 
GF 
Ref. 
SBS  
MWCNTs 
MB & SC 
The processing method, i.e. 
melt mixing and solution 
casting, influences the 
piezoresistive sensitivity of 
SBS nanocomposites.  
GF is up to 12500 for 
the melt-mixed sample 
with 3% MWCNTs at 
400% strain, while it is 
only 0.0002 for its 
counterpart. 
153
 
TPU  
MWCNTs   
CB 
SC 
The higher GF can be 
obtained in the CPNCs filled 
with hybrid fillers, and the 
enhanced nanotubes-polymer 
interactions can further 
GF is 200 for the sample 
consisting of 2 wt.% 
MWCNTs and 7 wt.% 
CB and 1 wt.% 
MWCNTs-COOH at 
9
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improve their piezoresistivity.  200% strain, while that 
for the sample with 10 
wt.% MWCNTs is 0.04. 
SBS & 
TPU 
MWCNTs 
MB 
Better piezoresistivity can be 
observed if nanotubes located 
in SBS component, while it 
gives rise to the lowest one if 
in TPU phase. Nanotube 
dispersion and location, as 
well as nanotube-polymer 
interactions can influence the 
piezoresistivity of SBS 
nanocomposites.  
GF is 1000 at 100% 
strain for the MWCNTs 
filled SBS/TPU sample 
with 8 wt.% located in 
SBS, while it is only 4 
if the same amount 
nanotubes located in 
TPU. 
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POE and 
TPU 
MWCNTs 
MB 
The pre-stretch can 
effectively improve the 
piezoresistive effect of the 
nanocomposites. Besides, the 
composition of the blends 
influences their 
piezoresistivity because of the 
difference between in 
deformabilities two polymers 
and the morphology of 
blends. 
GF is ca. 500 at 200% 
strain for the TPU/POE 
(50/50) nanocomposites 
with 6 wt.% MWCNTs. 
156
 
SBS 
SWCNTs  
MWCNTs 
SC 
The nanotube type influences 
conductivity and 
piezoresistivity of SBS 
CPNCs.  
GF is up to 8 if 
MWCNT content near 
ΦC. 
157
 
SBS  
MWCNTs 
SC 
Both values of S/B and the 
copolymer architecture can 
influence their sensitivity of 
ΔR/R0 to strain. Besides, pre-
stretch can increase GF. 
The largest GF is ca. 18 
at 20% strain for the 
nanocomposites with 
lowest butadiene and 
4% MWCNTs.  
155
 
SBS  
MWCNTs 
ME 
The mass ratio of styrene to 
butadiene influences both 
mechanical and piezoresistive 
property of the 
nanocomposites.  
The largest GF is up to 
16 at 5% strain if the 
nanocomposites consist 
of 20% styrene and 8 
wt. % MWCNTs (ΦC=5 
wt. %). 
158
 
PDMS 
SWCNTs 
CVD & 
curing 
the maximum measured strain 
is 3%. 
GF is ca. 35 at 1% strain 159 
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PDMS 
MWCNTs 
EPD  
GF depends on both the initial 
resistance of sensors (i.e. 
CNT deposition thickness) 
and strain. 
GFs range from 13 to 
120. 160
 
PDMS 
FGF 
DC 
Piezoresistive effect depends 
on the FGF deposition 
thickness.  
GF=21 is achieved at 
0.8% strain in the 
nanocomposites with a 
lower deposition 
thickness. 
161
 
PU 
MWCNTs 
SC 
The nanocomposites 
consisting of SPU have lower 
conductivity, mechanical 
strength than commercial one 
and higher piezoresistivity. 
Max. GF≈7 at 110% 
strain for the 
nanocomposites with 6 
wt.% MWCNTs. 
162
 
PU 
MWCNTs 
SWCNTs 
SC 
The piezoresistive sensitivity 
to tensile strain replies on 
both the type of PU and 
nanotubes. 
Max. GF≈0.6 at 30% for 
nanocomposites 
containing 8% 
MWCNTs. 
163
 
TPU 
MWCNTs 
SC 
ΔR/R0 relates to the CNT 
content and the strain level. 
The nanocomposites with a 
CNT content near ΦC exhibit 
relatively higher sensitivity of 
ΔR/R0 to strain. The 
resistance hysteresis depends 
on the unloading strain. 
Max. GF≈5 at 5% for  
nanocomposites 
containing 2% 
MWCNTs. 164
 
TPU 
MWCNTs 
ES & CM 
GF increases with strain 
linearly.  
GF is ca. 69 at 403% 
strain. 
165
 
ethylene 
and 
propylene 
elastomer 
VGCNF 
SC 
Sensitivity of ΔR/R0 to 
tensile strain depends on the 
resistivity of the 
nanocomposites. The 
structural relaxation and 
damage accumulation, which 
are affected by the mass ratio 
of ethylene and propylene in 
elastomers, can influence the 
resistance hysteresis. 
GF is ca. 250 at 40% 
strain for 
nanocomposites 
containing 5 wt. % 
VGCNF. 166
 
Styrene-
acrylic 
EP The nanocomposites with 
lower conductivity exhibit 
Max. GF≈30 at 15% for 
nanocomposites 
167
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elastomers 
r-GO 
higher piezoresistivity at the 
same r-GO content and strain. 
Besides, GF is closely related 
to r-GO content. 
containing 0.8% r-GO 
FGF: fragmentized graphene form. PU: polyurethane. r-GO: reduced graphene oxide. CVD: chemical 
vapor deposition. EPD: electrophoretic deposition. ES: electrospinning. CM: compression molding. 
MB: melt blending. ME: melt extrusion. DC: drop casting. SC: solution casting. EP: emulsion 
polymerization. 
 
       Although the advantages of elastomers-based strain sensors, like very high sensitivity of 
ΔR/R0 to strain and wide measurable strain ranges, were illustrated in the aforementioned 
discussions, the maximum tensile stress is not larger than 20 MPa, which restricts their 
applications in structural health monitoring systems and structural engineering sensors used in 
aerospace aircrafts, hydraulic devices, wind energy and infrastructure, etc., to a great degree. 
Therefore, some attention was also paid to the thermoplastics based CPNCs regarding their strain 
sensing applications in those circumstances. For instance, lightweight fiber-reinforced polymers 
(FRPs) have broad applications as structure components in aircrafts and outdoor infrastructure 
like wind energy generators, but they are particularly susceptible to the structure damage such as 
the delamination, matrix cracking and inter-laminar fracture. As a consequence, the detection of 
their structure damage using piezoresistive effects is important in terms of improving their 
reliability and lifetime. Firstly, carbon fiber reinforced polymers (CFRPs) were studied due to the 
convenience for the in-situ self-monitoring of electrical property change.
168-170
 However, the 
conductive property in this kind of materials is generally different in the transverse and 
longitudinal directions because of the alignment of fibers in the fabrication of CFRPs using a 
resin transfer molding (RTM) strategy, and the piezoresitive response depends on the fabrication 
of the composites like unidirectional or cross lamination (crossply), as well as resistance 
measurements in the directions parallel and perpendicular to the tension.
168-172
 Besides, glass 
fibers reinforced epoxy composites modified with conductive nanoparticles like carbon black and 
carbon nanotubes were used to prepare self-monitoring fibers reinforced polymer materials with 
better damage sensing possibilities such as inter-fiber failure and damage accumulation. They are 
also of lower costs as very small amounts of carbon black and nanotubes enable the formation of 
percolating electrical network in the matrix.
15-16, 173-174
 The alignment of carbon or glass fibers 
during the RTM processing results in the complexity of strain sensor design for detecting the 
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damage of fibers under mechanical load because of the cross lamination of fibers. Similarly, 
Rausch et al.
175-176
 utilized MWCNT coated glass fiber yarns embedded in the polypropylene 
matrix to monitor the local strain in the interphase between polymer matrix and sensing units, i.e. 
MWCNT-coated glass fiber yarns, which can be applied to the other matrix whether they are 
thermosetting or thermoplastic. Besides, they found that the piezoresistive sensitivity depends 
greatly on both the concentration of MWCNT suspensions for the coating and the thickness of the 
coating. However, some disadvantages like small measurable strain ranges, low flexibility and 
relatively complicated fabrication process restrict their strain-sensing applications to some extent, 
although they are able to be used as structure components in aircrafts and automobiles, etc. 
Therefore, some attention was paid to thermoplastics based CPNCs prepared by mixing 
thermoplastics like PE
18, 177
, PP
19
, PS
20
, PC
21
 and PVDF
23-25, 27
, etc., with conductive fillers 
directly. The details about the preparation and piezoresistive sensitivity are summarized in Table 
2.8. It can be seen that relatively large GFs can be obtained at low strain (<1%) in those listed 
piezoresistive CPNCs, which are larger than that of metal strain gauges (GF=2). In terms of SHM 
applications, it is also essential to study the piezoresistive behavior of CPNCs at larger strains, as 
wide-range strain sensors are preferred in practice. PVDF stands out all polymers listed in Table 
2.8 in terms of the SHM applications in critical environments like public facilities, wind 
generators, pipelines, aircrafts and automobiles, etc. due to its excellent resistance to chemical 
corrosion, oils, heat and aging, as well as the good combination of integrated mechanical property 
and processing ability. However, current investigations about the SHM and strain-sensing 
applications of PVDF nanocomposites are focusing on the piezoresistive behavior of the 
nanocomposites under low level stress and strain. For instance, Eswaraiah et al.
23
 reported that 
PVDF nanocomposites filled with functionalized graphene exhibit high piezoresistive sensitivity 
(GF=12.1 at 0.12% strain) under micro-strain (ca. e×10
-6
) and are potential for SHM applications. 
Besides, they also found that the ΔR/R0-strain sensitivity under micro-strain in solution-mixed 
PVDF nanocomposites can be further improved by using graphene-modified MWCNTs.
24
 As 
shown in Table 2.8 for reference 172, the highest GF (GF≈20, at 0.12% strain) can be obtained in 
those nanocomposites with 3 wt. % graphene modified MWCNTs, which is currently the highest 
value reported in piezoresistive PVDF nanocomposites, however, for the nanocomposites with 3 
wt.% oxidized-MWCNTs, GF is only 2. Similarly, Ferrreira et al. 
25
 systemically investigated the 
piezoresistive behavior of solution mixed PVDF/CNT nanocomposites under slightly higher 
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micro-strain (ca. 0.25% strain, as listed in Table 2.8 in Ref. 83) and they found that piezoresistive 
sensitivity of PVDF nanocomposites is only related to initial resistivity and the content of CNTs. 
Higher GFs are only obtained when the nanocomposites have CNT content nearer to ΦC. Besides, 
they reported that the tunneling resistance increase between neighboring CNTs is the main 
mechanism for the piezoresistive behavior of PVDF nanocomposites under micro-strain if the 
content of CNTs is close to ΦC. 
26
 In this case, no matter the type of CNTs, single- or multi-
walled, functionalized or non-functionalized. In addition to these examples, Georgousis et al.
27
 
found similar dependence of piezoresistive sensitivity on filler contents and initial resistivity of 
melt-mixed PVDF nanocomposites filled with CNTs. They found that GF also strongly depends 
on the content of MWCNTs in melt-mixed PVDF/MWCNT nanocomposites and the maximum 
measurable yield strain (the point stress reaches the maximum value) in their investigation is ca. 
9% for the nanocomposites filled with 8 wt. % MWCNTs (at this time ΔR/R0 is ca. 0.3). 
Therefore, they concluded that the nanocomposites with high filler content was more suitable for 
piezoresistive strain sensors expected to be subjected to large strain or stress. However, high 
content of fillers will lead to the high production cost and deteriorated ductility of the 
piezoresistive strain-sensing materials. Besides, using high content of fillers is not possible to 
achieve higher piezoresistive sensitivity or larger values of GF in piezoresistive PVDF 
nanocomposites, hence ΔR/R0 in their investigation at 9% yield strain is only 0.3 and GF is ca. 
3.3. Although the piezoresistive behavior of PVDF nanocomposites at yield strain up to 9% is 
reported and it is much higher than the micro-strain mentioned above, it is still challenging to 
achieve high piezoresistive sensitivity and wide measurable strain ranges (strain up to 20% or 
even higher) in piezoresistive PVDF nanocomposites towards strain sensing applications in SHM 
systems. Besides, from a perspective of commercial application, low filler content and 
percolation threshold, as well as good ductility in PVDF nanocomposites expected to be used for 
SHM in critical environments (e.g. public facilities, wind generators, pipelines, aircrafts and 
automobiles, etc.) are preferred in practice. Besides, in fact, the piezoresistive behavior of PVDF 
nanocomposites with a maximum stress or strain no less than their yield strains should be utilized 
to monitor the structure damage or break for the safety and lifespan of the strain sensors. 
Therefore, the piezoresistive behavior of PVDF nanocomposites before the yielding strain should 
be paid much more attention to, as well as their yield strain. As mentioned in 2.4.2, it is possible 
to improve the toughness of CPNCs if special crystalline phases in some polymers can be 
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induced or the interfacial bonding between polymer and fillers can be greatly strengthened, 
although the addition of conductive fillers into polymers generally results in deteriorated ductility 
in CPNCs. This indicates it is possible to simultaneously enlarge measurable strain ranges and to 
improve piezoresistive sensitivity against tensile strain in piezoresistive PVDF nanocomposites 
by tuning the crystalline structure of PVDF and strengthening PVDF-filler interactions. 
 
Table 2.8 Preparation and piezoresistive properties of some thermoplastic-based CPNCs. 
Polymer filler processing GF and filler content (fC) Ref. 
PE CB EMD 
GF≈3, 10% strain, 
fC=7 vol. % CB 
177
 
PP CNF EM GF≈2.4, 0.25% strain, fC= 0.8 vol. % 
19
 
PS MWCNTs SC GF≈3.28, 0.12% strain, fC= 6 wt. % 
20
 
PC MWCNTs SP-LBL GF≈2.5, 0.6% strain fC= 1 wt. % 
21
 
PVDF Graphene SM GF≈12.1, 0.12% strain, fC= 2.2 wt. % 
23
 
PVDF MWCNTs MB GF=7, 20% strain, fC= 8 wt. % 
27
 
PVDF 
G-CNTs 
O-CNTs 
SM 
GF=20 or 2, 0.12% strain, for fC=3% 
G-CNTs or O-CNTs 
24
 
PVDF MWCNTs SM GF≈6.2, 0.25% strain, fC= 2 wt. % 
25
 
PVDF 
SWCNTs 
MWCNTs 
SM 
GF≈3.24 or 3.91, 0.23% strain, fC= 1 , 
0.75 wt. % for SWCNTs and 
MWCNTs, respectively 
26
 
G-CNTs: graphene-wrapped MWCNTs; O-CNTs: oxidized MWCNTs. SM: solution mixing; EMD: 
extrusion molding and drawing; EM: extrusion molding; MB: melt blending. SC: solution casting; SP-
LBL: solution spray and layer-by-layer assembly. 
 
2.7 Piezoelectric property of copolymers and composites of PVDF 
Since the discovery of piezoelectricity in PVDF and its copolymers, they are expected to be 
used as strain sensors. Interestingly, piezoelectric polymers exhibit unique advantages like low 
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density, facile processing, excellent flexibility and good biocompatibility in contrast to any other 
traditional piezoelectric ceramics, although the piezoelectric coefficients of the latter are much 
higher. This is shown in the comparison of piezoelectric ceramics and PVDF films in Table 2.9. 
Besides, as shown in Table 2.10, PVDF exhibits the highest piezoelectric property among 
piezoelectric polymers. Because of this PVDF has been in the central scientific attention among 
all the piezoelectric materials since the discovery of piezoelectricity in PVDF in 1966, as well as 
their pyroelectricity found in 1976. However, the piezoelectricity of PVDF depends greatly on 
the amount of polarized -phase crystals in the materials
28-29
, because the best piezoelectricity is 
achieved in -phase PVDF crystals. In fact, it is a polymorphic semicrystalline polymer and 
generally crystalizes with three phases, i.e. - (non-polar), - and -phase (both polar), which 
have different molecular architectures, TGTG, TTTT and TTTGTTTG, respectively, as shown in 
Fig. 2.17. In general, the formation of -phase PVDF crystals relies heavily on the crystallization 
conditions and post treatments like mechanical or electrical polarization of the materials.  
 
Table 2.9 Density, elastic stiffness and piezoelectricity-related parameters of piezoelectric 
ceramics and PVDF films.
178
  
Materials 
ρ×10
3 
kg/m
-3
 
c×10
9 
N/m
2
 
ε/ε0 
d 
m/V 
g 
Vm/N 
k 
calculated 
Quartz 2.65 77.2 4.5 2 50 8.8 
Rochell salt 1.77 17.7 350 275 90 65.8 
PZT 7.5 83.3 1200 110 10 30.8 
BaTiO3 5.7 110 1700 78 5.2 21.1 
PVDF films 1.78 3.0 13 20 174 10.2 
ρ: density. c: elastic stiffness. d coefficient: piezoelectric strain constants. g coefficient: 
piezoelectric voltage constants. k: electromechanical coupling: the ratio mechanical or electrical 
energy converted into electrical or mechanical one. The cited explanation for the piezoelectric 
coefficients is from http://www.piezo.com/tech1terms.html. 
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Table 2.10 Piezoelectric data of semi-crystalline and amorphous polymers. 
polymer structure 
Tg 
(°C) 
Tm 
(°C) 
d31 
(pC/N) 
Ref. 
se
m
ic
ry
st
al
li
n
e 
PVDF 
 
-35 175 20-28 
179
 
PTrFE 
 
32 150 12 
179
 
Nylon-11 
 
68 195 
3@25°C, 
14@107 °C 
180
 
Polyreau-9 
 
50 180 & 
181
 
PLLA 
 
65 161 10@25°C 
182
 
am
o
rp
h
o
u
s 
PVC 
 
80 N
*
 5 
183
 
PAN 
 
90 N 2 
184
 
PVAc 
 
30 N - 
185
 
P(VDCN-VAc) 
 
170 N 10 
186
 
PPEN 
 
145 N - 
187
 
(-CN) 
APB/ODPAX10  
220 N 5@ 150 °C 
185
 
* Null; & Tiny; PTrFE: Polytetrafluoroethylene; PLLA: Poly(L-Lactic Acid); polyvinyl 
chloride; PAN: polyacrylonitrile; PVAc: polymer vinyl acetate; P(VDCN-VAc): copolymer of 
vinylidene cyanide and vinyl acetate; PPEN: polyarylene ether nitrile. 
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Fig. 2.17 Crystal structure of -, - and -phases of PVDF.
188
  
 
      Since the piezoelectricity of PVDF based materials is tightly associated with the content of 
polar-phase crystals, much work was focused on the formation of -phase PVDF materials 
under various conditions, as summarized in books or reviews.
30, 189-191
 Besides, it is worth noting 
that the polarization under high electrical field is prerequisite for achieving piezoelectricity in-
phase PVDF materials, while mechanical drawing can contribute to the further improvement of 
their piezoelectric coefficient.
29
 Due to this, electrospinning is generally considered as an 
effective way to prepare piezoelectric PVDF materials, as revealed in some reviews
30, 191
. To date, 
the reports about the preparation and piezoelectric coefficient of PVDF and its copolymers 
without and with different kinds of fillers are summarized in Table 2.11. It can be seen that the 
piezoelectric coefficients (electric field induced mechanical strain response, i.e. d33 and 
mechanical strain induced electrical charge or voltage response, i.e. d31) depend greatly on the 
preparation of PVDF materials. PVDF nanocomposites filled with piezoelectric ceramics exhibit 
relatively higher d coefficient because of their much higher intrinsic piezoelectricity as shown in 
Table 2.9. However, piezoelectric PVDF or its copolymer based nanocomposites filled with 
piezoelectric ceramics exhibit considerable brittleness and poor processablity because of the poor 
compatibility of ceramics with PVDF, and, moreover, some piezoelectric ceramics are toxic. 
Therefore, using other fillers like organoclay, carbonaceous nanofillers as well as magnetic salts, 
to prepare piezoelectric PVDF or its copolymer based composites is seemingly more attractive 
for the fabrication of smart materials like transducers or strain sensors. 
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Table 2.11 Preparation and piezoelectric properties of electroactive PVDF, PVDF copolymers 
and their composites. 
polymer 
matrix 
filler 
processin
g 
dominant 
crystalline 
phase 
d coefficient 
pC/N 
Ref. 
PVDF Clay SM  d33=-7 
192
 
PVDF OMMT IM  d31=3.0 
193
 
PVDF-TrFE SWCNTs SM  d31=25 
194
 
PVDF organoclay SM  d33=17 
195
 
PVDF CoFe2O4 SM  d33=40 
196
 
PVDF BaTiO3 ES  d33=50 
197
 
PVDF PZT CM  d33=40 
198
 
PVDF BaTiO3 SM  d31=14.8 
199
 
PVDF no filler IFD  d33=-58.5 
200
 
PVDF no filler ES  d33=-57.6 
201
 
PVDF-TrFE no filler SC  d33=-38 
202
 
P(VDF-HPF) no filler EM  d33=24 
203
 
P(VDF-CTFE) no filler SC  d33=140 
204
 
           SM: solution mixing. IM: injection molding. ES: electrospinning. CM: compression 
molding. IFD: iteration fiber drawing. EM: extrusion molding. PVDF-TrFE: 
polyvinylidenefluoride-trifluoroethylene.  P(VDF-HPF): poly (vinylidene fluoride-
hexafluoropropylene). P(VDF-CTFE): poly(vinylidene fluoride-co- chlorotrifluoroethylene). 
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3. Experimental  
 3.1Materials  
      PVDF pellets (Kynar 720, Arkema) with an average weight molecular of 455,800 g / mol and 
a polydispersity of 6.08 were used. Four research grades of thin multi-walled carbon nanotubes 
were purchased from Nanocyl, S.A. Belgium, namely, non-functionalized CNTs (NC™3150, 
abbreviated as CNTs), functionalized with carboxyl (NC™3151, CNTs-COOH), amino 
(NC™3152, CNTs-NH2) and hydroxyl groups (NC™3153, CNTs-OH). According to the data 
sheet
205-206
, the diameter and length of these purified and shortened carbon nanotubes are 9.5 nm 
and 1μm, respectively and carbon purity is higher than 95%. Carbon black Printex
®
 XE 2B 
(Evonik Degussa GmbH, Marl, Germany) has a carbon purity more than 99%, a bulk density of 
0.1-0.4 g / cm
3
, specific surface area of 1000 m
2
 / g and a primary particle size of 30-35 nm.
207
 
As-received organically modified nanoclay (Cloisite 10A, named as clay in the thesis) was 
obtained from Southern Clay Products, Inc. A commercial low melting temperature ionic liquid 
(IL) which is 1-butyl-3-methylimidazolium hexafluorophosphate (BMIM
+
PF6
-
) was purchased 
from Sigma-Aldrich, Germany. For brevity, IL is used to denote BMIMPF6 in the thesis. 
3.2 Sample Preparation 
      The nanocomposites based on PVDF and inclusions of MWCNTs with different functional 
groups, hybrid fillers of CNTs and CB, hybrid fillers of CNTs or CNTs-OH and organoclay were 
fabricated using a twin-screw micro-compounder (DSM Xplore, capacity 15 cm
3
, The 
Netherlands) under the conditions of 210 °C, 200 rpm and 10 min.
206
 All the raw materials were 
dried in the vacuum oven at 80 °C for 12 hours prior to melt mixing. The mixing time started 
after all material was fed. Feeding was done under the condition of 210 °C and 100 rpm in about 
2 minutes. After mixing the extruded strands were taken out through the die (2 mm diameter) 
with the set speed and without any additional cooling. The obtained samples were named 
according to their compositions, e.g. the nanocomposite containing 0.75 wt. % CNTs was named 
0.75CNTs, while those consists of 0.5 wt. % CNTs and 0.5 wt. % CB was named 0.5CNTs-
0.5CB. In all cases the numbers represent wt. %. Likewise, the nanocomposite samples consisting 
of 0.75 wt. % CNTs and 0.25 wt. % clay are named as 0.75CNTs-0.25Clay. For comparison, pure 
PVDF was also prepared in the same way and denominated PVDF.  
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The preparation of PVDF nanocomposites containing ionic liquid (IL)-premixed carbon 
nanotubes was slightly different. The compounding time was increased to 15 minutes at the same 
screw speed and temperature (210 °C, 200 rpm). Before compounding, IL and CNTs-COOH 
(fixed at 2 wt. %) were manually premixed by grinding in a mortar for 15 minutes. The mass 
ratio of IL to CNTs-COOH was selected to be 1:1, 2.5:1 and 5:1. The names of the samples are 
accordingly 2CNTs-COOH, 2IL-2CNTs-COOH, 5IL-2CNTs-COOH and 10IL-2CNTs-COOH.  
After compounding, the extruded strands were cut into small strand pieces and compression-
molded using a hot press (Model-PW40EH, Paul-Otto Weber GmbH, Germany) at a set 
temperature of 220 °C, a closing force of the press of 50 kN for 2 min into rectangular plates with 
80 mm in length, 54 mm in width and 0.5 mm in thickness or disc-like ones with a diameter of 60 
mm and thickness of 0.5 mm. The rectangle samples were cut into dumbbell-shape specimens (80 
mm×54 mm×0.5 mm) for the piezoresistive property testing according to DIN EN ISO527-2 
1BA standard by a milling machine (Kosy, emc Elektronik & Mechanik GmbH, Germany) 
controlled by a computer software nccad7, while disc-like ones were cut into strips for electrical 
conductivity measurement. 
3.3 Characterization of PVDF nanocomposites 
3.3.1 Electrical resistivity 
   The electrical volume resistivity of the nanocomposites was measured at room temperature 
according to the standards ASTM-D4496 and ASTM-D257. For compression-molded discs with 
resistances higher than 10
7
 Ω (volume resistivity higher than 10
10
 Ω·cm) the measurements were 
performed using a Keithley 8009 Resistivity Test Fixture. In this case, at least two samples 
obtained from compression molding were measured on both sides to get the mean value of the 
resistivity. For samples with resistances lower than 10
7
 Ohm at least 4 measurements were 
carried out on strip samples (ca. 35 mm × 5 mm × 0.5 mm, cut from the compression-molded 
rectangular plates) using a 2-point test fixture connected to a Digital Multimeter Model 2000 
(Keithley Instruments Inc., USA) in order to get the mean value of their resistivity. The 
percolation thresholds of the nanocomposites were calculated by the equation σ=σ0(Φ-ΦC)
t
, 
where σ is the conductivity of the nanocomposites, σ0 and t are constants, while Φ is the 
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concentration of the conductive filler.
104
 In this work, ΦC means the critical weight percent of 
conductive fillers for achieving electrical conductivity in the nanocomposites. 
3.3.2 Fourier Transform Infrared Spectroscopy (FTIR) 
The FTIR characterization of the PVDF and nanocomposite samples (those samples 
containing clay, hybrid fillers of clay and CNTs or CNTs-OH, CNTs-COOH and IL-mixed 
CNTs-COOH) was performed on compression molded plates) by a Tensor 27 (Bruker, GmbH) 
Fourier transform infrared spectrometer using wavenumbers between 650 and 4000 cm
-1
 and the 
attenuated total reflection model. In general, the absorbance peaks located at 614, 763, 795 and 
975 cm
-1
 are assigned to  phase in PVDF, while those peaks at 510, 840 and 1275 cm
-1
 and 833, 
1231 cm
-1
 are attributed to the molecular vibrations of - and -phase PVDF crystals, 
respectively.
30, 206, 208-211
 In order to check the nucleation effect of clay on polar PVDF crystals ( 
and  phases), the percentage of polar phases (Fp) of the samples containing only clay is 
calculated using the equation Fp=Ap/(1.26A+Ap) (A and Ap are the area of the absorbance 
peaks of  phase at 762 cm
-1
, the mixture of  and phases which locate at 833 and 840 cm
-1
, 
respectively).
30, 206, 208-211
Additionally, in order to compare the relative ratio of β to γ phase, the 
mixture of β and γ phase shown in the adsorption peaks between 852 and 817 cm
-1
 was separated 
using Origin software (Gaussian Peak Fit) and the integrated area of the two peaks was used to 
calculate the relative percent ratio of the β to γ phase: Aβ-γ=Aβ/Aγ (Aβ, the area of the β phase 
adsorption peak at 840 cm
-1
; Aγ, the area of phase peak at 833 cm
-1
).  
3.3.3 Raman Spectroscopy   
The Raman-spectra were recorded using the Confocal Raman Microscope alpha 300 R 
(WITec GmbH, Ulm, Germany) equipped with a laser (excitation wavelength 532 nm, a laser 
power 500 μW). Samples from compression-molded plates were measured with a 20x objective 
and an integration time of 0.5 s for a single scan between λ=200 and λ=3500 cm
-1
 with 200 
accumulations. The ratio of D-band to G-band (ID/IG) was calculated using the ratio of the 
corresponding intensity heights, whereby the intensity of the peak at around 1345 cm
-1
 was 
assigned to the D-band and that at around 1587 cm
-1
 to the G band. 
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3.3.4 Light microscopy (LM) 
The macrodispersion of nanotubes in the PVDF matrix was evaluated using LM. For this, thin 
cuts with thicknesses of about 5 m were prepared from the extruded strands using a Leica 2265 
microtome (Leica Germany) equipped with diamond knives and observed in transmission using a 
BH2 microscope combined with a camera DP71 (Olympus Deutschland GmbH, Hamburg, 
Germany). The area ratio of remaining nanotube agglomerates (Aagg) was determined from the 
LM images obtained in a magnification of (10×10 after magnification) using the software ImageJ 
(Version 1.43o) by relating the area of remaining CNT agglomerates (A) to the total area of the 
image (A0). At least 20 images from different sections of the strands were used for the calculation 
of Aagg = (A/A0)*100%.
48-50, 54, 206
 Apart from the mean value of Aagg, the standard deviation 
between those 20 images is also given.  
3.3.5 Scanning Electronic Microscopy (SEM) 
SEM was performed on the composite samples using an Ultra Plus Field Emission Gun 
Scanning Electron Microscope (FEG-SEM, Carl-Zeiss AG, Oberkochen, Germany). The 
observation of the conductive network of the conductive fillers in the matrix was done directly 
with a charge contrast imaging (CCI) mode using the residual compression-molded plates after 
cutting the dog-bone shaped specimens. In order to observe the deformation of the matrix, the 
fresh fracture surface after tensile testing was observed after sputtering the fracture surface with a 
thin platinum layer. Additionally, strips cut from compression-molded plates were directly frozen 
in liquid nitrogen for 40 min and fractured for observing the dispersion of MWCNTs and CB. 
3.3.6 Transmission electronic microscopy (TEM)  
      Transmission electronic microscopy was performed to evaluate the location of CNTs and 
organoclay in the PVDF matrix using a TEM LIBRA 200 MC (Carl Zeiss SMT, Oberkochen, 
Germany). Before the TEM observation, the samples were cut into ultrathin cuts with thickness 
about 70 nm at -140 °C by an ultra-microtome (EM UC/FC 6, Leica, Austria).  
3.3.7 Piezoresistive testing 
Uniaxial tensile tests were performed at room temperature using a Zwick Z2.5 and Zwick 
type 9287 (Zwick Roell, Germany) testing machines, as shown in Fig. 3.1(a) and (b), 
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respectively. An applied cross-head speed of 1 mm / min was used for the tensile testing of dog-
bone-shaped specimens (80 mm×54 mm×0.5 mm). Two marks (width ca. 3-4 mm, slightly 
larger than the width of the clamps) with a distance of ca. 40 mm (slightly larger than the 
parallel length of the dog-bone-shaped specimen) were painted by conductive silver paste on the 
sample surface prior to stretching. Two wires connected to the electrode clamps and Digital 
Multimeter 2001 (Keithley Instruments Inc., USA) separately to record the resistance change of 
the specimens during tensile testing, as shown in Fig. 3.3.1. The data were recorded every 
second by the programs equipped with tensile machine and Multimeter simultaneously. Whereas 
the results of chapters 4.1-4.3 were obtained from measurements using setup (a), samples 
discussed in chapter 4.4 were measured using setup (b). To get the error bars for ΔR/R0 values, 
four samples were measured for each kind of nanocomposite. Besides, the ΔR/R0 values against 
tensile strain were selected up to the yield point, which is assumed as the point in stress-strain 
curves of PVDF and its nanocomposites that tensile stress reaches the maximum at first time. 
The cyclic testing was done at room temperature with a maximum loading stress of 15 or 40 
MPa for the loading and unloading process with 15 cycles at 1 mm/min. The selection of these 
two stress values is based on the consideration of testing the piezoresistive behavior of PVDF 
nanocomposites at stresses close to but less than their yield stress, because the strain sensing 
property of the CPNCs before the yielding is preferred for the safety application of strain 
sensors under cyclic loadings. The samples were held at the end of loading and unloading for 90 
seconds to relieve the residual stress before the next cyclic testing.  
  
Fig. 3.1 Schematic of the setup for the piezoresistive behavior measurement using (a) a Zwick 
Z2.5 testing machine and (b) a Zwick type 9287. 
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4. Results and Discussion 
4.1 Piezoresistive behavior of PVDF/MWCNT nanocomposites  
As piezoresistive effect of CPNCs is attributed to the increase of tunneling resistance between 
conductive fillers or the loss of contacts among fillers, both electrical resistivity and dispersion of 
fillers in the polymer matrix are main factors for the determination of their piezoresistive 
sensitivity. Besides, polymer-filler interactions, which can influence the load transfer between 
polymer and fillers, also play significant role in the determination of piezoresistive sensitivity of 
CNPCs. Therefore, in the first part, the influence of different types of MWCNTs, i.e. non-
functionalized CNTs (NC™3150, abbreviated as CNTs), functionalized with carboxyl 
(NC™3151, CNTs-COOH), amino (NC™3152, CNTs-NH2) and hydroxyl groups (NC™3153, 
CNTs-OH) was investigated. Pellets of PVDF (Kynar 720, Arkema were melt mixed with the 
different CNT types using a twin-screw micro-compounder (DSM Xplore, capacity 15 cm
3
, The 
Netherlands) under fixed conditions of 210 °C, 200 rpm and 10 min to prepare conductive PVDF 
nanocomposites. According to my previous basic research
206
, surface functionalization of 
MWCNTs influences both their dispersion states in the PVDF matrix and interactions between 
PVDF and nanotubes. Different dispersion of nanotubes in the PVDF matrix gives rise to the 
difference of electrical resistivity and structure of conductive network (i.e. pathway/network are 
consisting of uniformly-dispersed or agglomerated nanotubes), which will probably influence 
piezoresistive effects of PVDF nanocomposites under tensile strain. Therefore, it is expected that 
the piezoresistive sensitivity of PVDF nanocomposites can be tuned by using differently 
functionalized MWCNTs. 
 4.1.1 Electrical resistivity  
      The piezoresistive behavior of CPNCs denotes their resistance change under a given strain, 
thus their initial resistivity plays a significant role in the response of ΔR/R0 to strain. Herein, Fig. 
4.1.1 gives the electrical resistivity of PVDF nanocomposites plotted versus the content of 
MWCNTs. It can be seen that PVDF/CNT nanocomposites exhibit the lowest resistivity for a 
given content of nanotubes, while those with CNTs-COOH exhibit the lowest. Accordingly, as 
shown in the insert of Fig. 4.1.1, ΦC of CNTs is the lowest (0.53%, wt.), whereas CNTs-NH2 and 
CNTs-OH have the same ΦC (0.6%) and CNTs-COOH the highest (0.82%). Chen et al.
56
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reported that the ΦC of PVDF/MWCNT (ultrahigh-shear extruder, 220 °C, 1000 rpm, 4 min) is 
ca. 1.5 wt. % and Su et al.
110
 reported that PVDF/MWCNT nanocomposites (Haake Rheomixer, 
190 °C, 5 min) have ΦC 1.9 wt. %, and the details of the conditions for the nanocomposite 
preparation in these two references are listed in Table 2.2. Therefore, values obtained here are 
much lower, which means PVDF/MWCNT nanocomposites investigated here (e.g. the 
nanocomposite with 0.75% MWCNTs) are potential for the fabrication of low-percolated 
piezoresistive CPNCs. The plausible reasons for the different ΦCs of four differently-
functionalized carbon nanotubes used here are their bulk conductivity differences and their 
dispersion in the PVDF matrix, which will be discussed later. Besides, the resistivity decreases 
obviously with an increasing MWCNT content if the nanotube content is less than 1%, but 
moderate decrease can be observed when the content of nanotubes is between 1% and 3%. 
Afterwards, a plateau can be seen for all samples, indicating that the nanotube content is saturated 
for forming conductive pathway in PVDF and the network of nanotubes are very dense.  
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Fig. 4.1.1 Electrical resistivity of the nanocomposites plotted versus MWCNT content. The insert 
shows the fitting results of the relationships between lgσ and lg(Φ-ΦC
.
). 
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As the piezoresistive behavior of CPNCs depends on the deformation of conductive pathway, 
the compactness of conductive network can be reflected by the electrical conductivity, which is 
directly related to gaps between ΦC and actual MWCNT contents. In general, the network will be 
denser if MWCNT contents are further from ΦC. As seen in Fig. 4.1.1, electrical resistivity 
increases with MWCNT content very slightly and a plateau of resistivity appears when MWCNT 
content reaches 3% for all nanocomposites, suggesting that dense network of MWCNTs have 
formed in PVDF matrix. The resistivity and network compactness are of essential significance for 
determining piezoresistive sensitivity of PVDF nanocomposites. Therefore, piezoresistive 
behavior of the samples with nanotube contents slightly above their ΦCs (e.g. 1% for CNTs-
COOH, while 0.75% for the other three) were comparatively investigated. In addition, the 
samples with higher nanotube contents, e.g. 1.5 and 3% MWCNTs, were also investigated so that 
the dependence of piezoresistive sensitivity on MWCNT contents and network compactness 
(loose, medium and dense conductive network in 0.75, 1.5 and 3% MWCNTs, respectively) of 
nanotubes, can be elaborated. For knowing about their initial resistivity conveniently, Fig. 4.1.2 
clearly presents the initial electrical resistivity of those samples whose piezoresistive behavior 
will be compared in this part in details, and the conductivity of bulk nanotube powders measured 
using a IPF constructed instrument
212
 is shown in the insert.  
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Fig. 4.1.2 Electrical resistivity of PVDF nanocomposites plotted vs. MWCNT contents. The 
insert shows conductivity of MWCNT powdery materials measured using a homemade 
instrument at 30 MPa
212
. 
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It can be observed in Fig. 4.1.2 that the nanocomposites containing uniformly-dispersed 
CNTs have the lowest resistivity among four kinds of nanocomposites, while those with CNTs-
OH are closely followed. The nanocomposites containing CNTs-COOH (nanotubes are severely 
agglomerated) exhibit the highest resistivity. Besides, from the insert in Fig. 4.1.2 it can be 
observed that CNTs-OH has the highest powder conductivity, and that of CNTs and CNTs-NH2 
is very close, whereas CNTs-COOH has the lowest. These differences are possibly one of the 
reasons for the different resistivity of four nanocomposites at the same amount of nanotubes 
shown in Fig. 4.1.1 and 4.1.2.  
4.1.2 Dispersion of MWCNTs in the PVDF matrix 
As mentioned in the former paragraph the difference in the conductivity of the bulk carbon 
nanotube materials may be one of the reasons for their different resistivity presented in Fig. 4.1.1 
and 4.1.2. However, the order of the conductivity of bulk carbon nanotube powders (CNTs-
OH>CNTs-NH2>CNTs>CNTs-COOH) is not the same as that of electrical resistivity of 
PVDF/MWCNT nanocomposites (CNTs-COOH>CNTs-NH2>CNTs-OH≈CNTs) shown in Fig. 
4.1.2, which are not consistent. In this case, these resistivity differences may be assumed to be 
attributed to different dispersion states of MWCNTs in the PVDF matrix. Therefore, the 
macrodispersion of these nanotubes in the PVDF matrix was quantitatively investigated using 
light microscopy, as shown in Fig. 4.1.3. It can be observed in this figure that the dispersion of 
unmodified CNTs in the matrix looks homogeneous and this MWCNT-filled PVDF 
nanocomposite has the lowest Aagg in contrast to the other three MWCNT types. Very big 
agglomerates of CNTs-COOH can be observed in the LM images and the value of Aagg becomes 
higher with the increasing content of nanotubes. This worst dispersion state corresponds to the 
highest resistivity of PVDF/CNTs-COOH nanocomposites shown in Fig. 4.1.2. Although bulk 
CNTs-OH material exhibits higher conductivity than CNTs, the dispersion of the former is 
slightly worse, so the combination of the difference in their bulk conductivity and their dispersion 
accounts for their close resistivities as shown in Fig. 4.1.2. In comparison to CNTs and CNTs-OH, 
CNTs-NH2 exhibits worse dispersion in the PVDF matrix, which can be revealed by the value of 
Aagg provided in Fig. 4.1.3. Thus PVDF/CNTs-NH2 nanocomposites exhibit moderate resistivity 
values in between those of PVDF/CNTs and PVDF/CNTs-COOH.  
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Fig. 4.1.3 Macrodispersion of MWCNTs in the PVDF matrix investigated by light microscopy. 
 
4.1.3 Piezoresistive behavior  
The above discussion manifests that the surface characteristic of nanotubes influences their 
dispersion in the PVDF matrix and the resistivity of the corresponding nanocomposites. Both are 
expected to affect their piezoresistivity behavior, given that there is a correlation between 
piezoresistive property and initial electrical resistivity of CPNCs. Thus, the influences of the 
content and type of MWCNTs on the piezoresistive effect of PVDF nanocomposites were 
investigated and shown in Fig. 4.1.4 and 4.1.5, respectively. As the incorporation of nanotubes 
greatly influences the fracture behavior of polymer nanocomposites under uniaxial tensile testing, 
ΔR/R0 values of the nanocomposites were only selected from the tensile strain up to their yield 
points (the point where the tensile stress firstly reaches the highest in stress-strain curve) in Fig. 
4.1.4 and the other parts in chapter 4. This was based on three considerations: 1) the convenience 
of comparing piezoresistive effects of nanocomposites filled with four types of MWCNTs at a 
given strain; 2) reversible deformation of the nanocomposites before yield points; 3) cyclic using 
of the sensors in practice without damage.  
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Fig. 4.1.4 Stress and ΔR/R0 plotted with strain for PVDF/MWCNT nanocomposites with 
different contents of (a) CNTs, (b) CNTs-COOH, (c) CNTs-NH2 and (d) CNTs-OH. The point in 
each stress-strain curve is yield point. 
 
It can be seen from Fig. 4.1.4 that the piezoresistive sensitivity evaluated by the ΔR/R0 under 
a certain strain increases with the strain loading in all nanocomposites. At larger strains a steeper 
rise of ΔR/R0 can be observed, especially for samples with lower MWCNT contents. This 
indicates that both the strain level and network compactness of nanotubes influence their 
piezoresistive sensitivities. In detail, a loose network or connection of pathway is much more 
susceptive to strain and large strains can even induce break of conductive pathway in CPNCs, 
which is consistent with the tunneling mechanisms of piezoresistive CPNCs proposed in 
literature
17, 147-148
. Besides, it can be observed that there seems no influence of the nanotube 
content on the yield strain of the nanocomposites consisting of 0.75 and 1.5% MWCNTs. 
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However, the yield strain shifts to lower values with the incorporation of 3% nanotubes, which is 
ascribed to the influence of the MWCNT network on the typical deformation mechanisms of the 
polymer chains under load and the heterogeneity of the nanocomposites
63-64, 115
. Besides, 
nanocomposites containing CNTs-COOH exhibit relatively lower yield strains in contrast to the 
other three counterparts, e.g. 1% strain lower than others, which is in accordance to the worse 
dispersion of CNTs-COOH in the PVDF matrix demonstrated by light microscopy observations. 
Thereby, this result highlights the role of dispersion of MWCNTs on the mechanical properties of 
CPNCs. Besides, it can be seen in Fig. 4.1.4 that the values of yield strain in all PVDF 
nanocomposite with MWCNT content less than 3 wt. % are higher than ca. 8% that the strain at 
yield point reported by Georgousis et al.
27
 Besides, the values of ΔR/R0 at yield point are above 
0.4, especially for the nanocomposites containing CNTs-COOH and CNTs-NH2 (ΔR/R0 >0.6) if 
the nanotube content is less than 3%. Therefore, piezoresistive PVDF nanocomposites containing 
those two nanotubes show high potential for monitoring large strains in SHM applications. 
       Interestingly, although the dispersion of CNTs-NH2 is slightly worse than that of CNTs and 
CNTs-OH, PVDF/CNTs-NH2 nanocomposites exhibit slightly increased yield strain with 
increasing content of nanotube. In addition, in contrast to 0.75CNTs-NH2 and 1.5CNTs-NH2, the 
nanocomposite with 3CNTs-NH2 does not show a reduced yield strain. This is possibly attributed 
to the stronger PVDF-nanotube interactions and/or the formation of more polar -phase crystals 
in PVDF/CNTs-NH2 nanocomposites
206
. To confirm the influence of differently-functionalized 
carbon nanotubes on the crystalline phases of PVDF, which is closely related to PVDF-nanotube 
interactions, FTIR results of the nanocomposites are provided in Fig. 4.1.5. As shown in Fig. 
4.1.5 (a), crystallization of pure PVDF behaves as only  phase, which can be confirmed by the 
absorbance peaks of  phase PVDF crystal locating at 614, 763, 795 and 975 cm
-1 30, 206, 208-211
. 
Interestingly, with the incorporation of carbon nanotubes, the absorbance peaks located at 840 
and 1275 cm
-1
 (assigned to  phase PVDF crystals
30, 206, 208-210
) appear and the intensity of this 
peak is associated with the surface functionalization of nanotubes, as marked by the violet dashed 
lines. In details, the peak of -phase located at 840 cm
-1
 for nanocomposites filled with 3% 
CNTs-COOH, which has the worst dispersion in PVDF, is very weak, and while that in 
nanocomposites containing 3% CNTs-NH2 is the most obvious (indicated by the area of the peak). 
Besides, there is a peak at 1275 cm
-1
 assigned to  phase of PVDF
30, 206, 208-211
, which indicated 
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that CNTs-NH2 is better than CNTs-COOH for inducing the formation of  phase PVDF crystals. 
Likewise, the nanocomposites filled with 3% CNTs-OH and CNTs have also obvious absorbance 
peaks at 840 and 1275 cm
-1
, however the intensity or the area of the peak in them is slightly 
weaker or smaller than that in the nanocomposites containing 3% CNTs-NH2. To make a further 
comparison of the effect of MWCNTs with different surface functionalization on the formation of 
 phase PVDF crystals, the area ratio of the peak at 840 cm
-1
 and calculated using equation 
F=A/(1.26A+A) (A and A are the area of the absorbance peaks of  phase at 762 cm
-1
, that 
of  phase which locating at 840 cm
-1
)
30, 206, 208-211
 is provided in Fig. 4.1.5(b). It is apparently 
that the nanocomposites containing CNTs-NH2 have the highest Famong four PVDF 
nanocomposite systems, and those filled with CNTs-COOH have the lowest FCNTs-OH 
following CNTs-NH2 shows the second highest contribution to Fand CNTs is in between 
CNTs-OH and CNTs-COOH. Since the formation of  phase PVDF crystals is strongly 
dependent on PVDF-filler interactions
30, 206, 210-211
, the interaction between PVDF and CNTs-NH2 
is stronger than others. This possibly accounts for higher yield strain of PVDF/CNT-NH2 
nanocomposites shown in Fig. 4.1.4 as compared to other three at the same content of nanotubes. 
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Fig. 4.1.5 (a) FTIR spectra of PVDF nanocomposites filled with 3% four types of MWCNTs. 
(b) The relative percentage of  phase (F) in PVDF crystals calculated from FTIR results. 
  
       As mentioned above, the piezoresistive sensitivity of PVDF nanocomposites was found to 
depend on the strain loading level and network compactness of nanotubes. The surface chemical 
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functionalization of the nanotubes affects not only their dispersion in the PVDF matrix but also 
resistivity of PVDF nanocomposites. Therefore it is necessary to compare resistivity and 
piezoresistive effect of PVDF nanocomposites filled with nanotubes with different surface 
functionalization for a given nanotube content, which are shown in Fig. 4.1.6. As shown in Fig. 
4.1.6(a), at 0.75% loading the sample with CNTs-NH2 has the highest sensitivity of ΔR/R0 
against the strain growth among the four samples with nanotube contents slightly above ΦC, 
while it has also the highest resistivity (see insert of Fig. 4.1.6(a)). Likewise, the ΔR/R0 of the 
sample containing 1% CNTs-COOH, which had to be selected as 0.75 % was not conductive yet, 
is the second highest. Besides, it also shows the second highest resistivity.  
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 Fig. 4.1.6 ΔR/R0 plotted with strain for PVDF nanocomposites containing (a) 0.75 (1% for 
CNTs-COOH), (b) 1.5 and (c) 3 % MWCNTs with different surface functionalization. The 
inserts show their initial electrical resistivity correspondingly.  
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     The initial resistivity of the samples 0.75CNTs and 0.75CNTs-OH is close to each other and, 
correspondingly, they have nearly the same ΔR/R0. Similarly, the results shown in Fig. 4.1.6(b) 
and (c) also suggest that the sample with higher resistivity exhibits higher piezoresistive 
sensitivity at the same strain. As discussed about the results in Fig. 4.1.3, both the samples with 
CNTs-COOH and CNTs-NH2 have worse dispersion in the PVDF matrix as compared to the 
samples containing CNTs and CNTs-OH, which probably accounts for their higher resistivity, 
then the higher initial resistivity probably results in their higher piezoresistive sensitivity for the 
nanocomposites with the same content of carbon nanotubes under the same strain. Apparently, in 
Fig. 4.1.6 (a), (b) and (c), it can also be observed that the samples containing CNTs, CNTs-NH2 
and CNTs-OH have larger yield strains than those filled with CNTs-COOH, which is also 
possibly related to the worse dispersion of CNTs-COOH in the matrix and the lowest F 
presented in Fig. 4.1.5(b). In addition, this means that those nanocomposites with homogeneous 
dispersion of carbon nanotubes can be used in wider strain ranges if they were produced into 
strain sensors for SHM applications.  
      To have a better understanding of the effect of initial resistivity on piezoresistive sensitivity 
of PVDF nanocomposites, ΔR/R0s at 6 and 8% strain as a function of initial resistivity of PVDF 
nanocomposites are provided in Fig. 4.1.7. It is apparent in Fig. 4.1.7(a) and (b) that the 
nanocomposites have higher ΔR/R0 if their resistivity before stretching is higher, which suggests 
that higher initial electrical resistivity of PVDF nanocomposites is corresponding to their higher 
piezoresistive sensitivity
25, 131, 147
. Besides, on the whole, those nanocomposites with lower 
content of MWCNTs exhibit higher piezoresistive sensitivity, that is to say, the nanocomposites 
have much higher piezoresistive sensitivity (ΔR/R0) if the MWCNT content in them is much 
nearer to ΦC. Therefore, piezoresistive sensitivity of PVDF nanocomposites is closely related to 
the initial resistivity and the content of MWCNTs. Besides, it can also be seen in Fig. 4.1.7(a) 
and (b) that the slopes of ΔR/R0 to logarithmic initial resistivity in PVDF/CNT-NH2 and 
PVDF/CNT-COOH systems are much higher than the other two systems at low content of 
MWCNTs. These suggest that the piezoresistive sensitivity is quite dependent on the initial 
resistivity for PVDF nanocomposites at low MWCNT content, i.e. loose conductive network in 
the nanocomposites. It can be seen from Fig. 4.1.7(a) and (b) that the slopes of ΔR/R0 to 
logarithmic initial resistivity for the nanocomposites with MWCNT content between 1.5 and 3% 
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MWCNTs are similar for PVDF/CNT, PVDF/CNT-OH and PVDF/CNT-NH2 systems, while 
PVDF/CNT-COOH system still has larger slopes due to its much higher resistivity. Therefore, 
the surface functionalization of MWCNTs influences their dispersion states in PVDF, initial 
resistivity and piezoresistive sensitivity eventually, and the dependence of ΔR/R0 on initial 
resistivity is also tightly related to the surface functionalization of nanotubes.  
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Fig. 4.1.7 ΔR/R0 at 6% and 8% tensile strain plotted with initial resistivity for the 
nanocomposites with 0.75 (1% for CNTs-COOH), 1.5 and 3 wt. % four types of MWCNTs. 
 
      What is more interesting is that 3CNTs-COOH has higher ΔR/R0 both at 6 and 8% strains 
than 0.75CNTs and 0.75CNTs-OH despite that initial resistivity of the former is a few times 
lower than that of the latter. In addition to this, 3CNTs-NH2 has higher ΔR/R0 than 1.5CNTs and 
1.5CNTs in despite of the lower initial resistivity in 3CNTs-NH2. As the dispersion of CNTs-
COOH in PVDF is much worse than other three types of nanotubes, and that of CNTs-NH2 is 
also worse than the other two, the conductive network of CNT-COOH and CNT-NH2 nanotubes 
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in PVDF are relatively looser and possibly contain more or bigger agglomerates of nanotubes 
than those consisting of CNTs or CNTs-OH. Therefore, the surface functionalization of 
nanotubes influences not only the initial resistivity but also conductive network structure of 
nanotubes in PVDF, which also influences the piezoresistive sensitivity of PVDF 
nanocomposites. All in all, there are two kinds of effects of surface functionalization of 
nanotubes on piezoresistive properties of PVDF nanocomposites. For one thing, surface 
functionalization of MWCNTs affects the piezoresistive sensitivity of PVDF/MWCNT 
nanocomposites because of the difference in their initial electrical resistivity and network 
structure. The former strongly depends on electrical conductivity of bulk nanotubes and 
dispersion of nanotubes in the PVDF matrix, while the latter is closely related to the dispersion of 
nanotubes. For another, it also influences the yield behavior of PVDF because of different 
polymer-nanotube interactions and dispersion states of nanotubes in the PVDF matrix, which 
results in the difference in their measurable strain ranges for their strain-sensing applications.   
4.1.4 Fitting the experimental data and the proposed mechanism 
To further demonstrate the effect of surface functionalization of MWCNTs on the 
piezoresistive behavior of PVDF nanocomposites, factors like tunneling distance change between 
neighbored MWCNTs and the loss of conductive pathway were analyzed using the tunneling 
resistance model used in CPNCs with a matrix of silicone rubber
129
 and TPU elastomers
9
: 
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in which R means resistance of the nanocomposite, L and N are numbers of particles forming a 
single conductive pathway and all conductive pathway, h is Plank constant, s means the smallest 
distance between conductive particles, a
2
 is the effective cross section where tunneling occurs, e 
and m are the charge and mass of electron severally, and φ is the height of potential barrier 
between adjacent particles. 
As the separation of particles, the distance between conductive particles will be changed and 
the tensile strain can give rise to the deformation and even breakup of conductive paths. 
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Assuming that the actual resistance (R) related to the initial resistance before stretching (R0) 
results from the distance change (s-s0) because of separation of particles and the loss of numbers 
of conductive paths (N0-N), the relative resistance is depicted by the following equations
9, 129, 213
: 
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in which A, B, C and D are constants, l0 is the initial length of the sample, and Δl means the 
length change during the stretching. However, the deformability of PVDF is inferior as compared 
to rubber and elastomers, thus, the parameters used in the equation 10 are lower than those in 
Ref.
129
 and 
9
. Therefore, equation 8 can be rewritten with the substitution of s, s0, N and N0. 
Finally, the equation 11 is obtained and the relative resistance can be calculated by it: 
 )exp()1( 20  dcbaRR                                                                              (11) 
in which ε means strain, while a, b, c and d are constants, and )1( 0sCc  . 
     Fig. 4.1.8 presents the growth of relative resistance (R/R0) with strain for PVDF/MWCNT 
nanocomposites and the fitting curves using equation 11. The obtained parameters from the 
fitting are listed in Table 4.1.1(the fitting was done using the equation 11 through nonlinear curve 
fit in Origin via giving the rough initial values of a, b and c, which will be changed automatically 
when the iteration fitting was running until the convergence was achieved within 400 iterations). 
The R-square values for all the fittings are about 0.999 and the deviations of a, b, c and d are 
much smaller than their actual values. As shown in Fig. 4.1.8, the fitting of experimental data 
using equation 11 matches the original ΔR/R0-strain curves quite well. The obtained value of the 
parameter a shown in table 4.1.1 is very close to 1, which is in accordance to other investigations 
on elastomers based nanocomposites
9, 129
. Besides, the constants of b, c and d obtained from 
fitting are very consistent in their negativity and positivity, as well as their absolute values are 
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relatively higher if the sample has relatively higher piezoresistive sensitivity to tensile strain. For 
instance, the absolute values of b, c and d for CNTs-NH2 and CNTs-COOH in those samples 
with low content of MWCNTs (0.75 and 1% carbon nanotubes) are much larger than those in 
0.75CNTs and 0.75CNTs-OH.This supports that the piezoresistive behavior of PVDF/MWCNT 
nanocomposites results from the mechanism assumed in the fitting model.  
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Fig. 4.1.8 Experimental relative resistance values R/R0 plotted vs. tensile strain for PVDF 
nanocomposites with (a) 0.75, (b) 1.5 and (c) 3 % MWCNTs, together with fitting curves 
according to equation 11. The curves of 0.75CNTs and 3CNTs are overlapped with 0.75CNTs-
OH and 3CNTs-OH. 
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Table 4.1.1 Parameters obtained from the fitting using the equation 11. 
Samples Parameters 
a b c d 
0.75CNTs 0.99384 0.15664 -0.1396 0.00794 
1CNTs-COOH 0.98748 0.2175 -0.18128 0.0128 
0.75CNTs-NH2 0.97416 0.32737 -0.25872 0.01955 
0.75CNTs-OH 0.99164 0.1803 -0.15812 0.009 
1.5CNTs 0.99664 0.12095 -0.10994 0.00544 
1.5CNTs-COOH 0.98673 0.22682 -0.18813 0.01279 
1.5CNTs-NH2 0.99428 0.15908 -0.14173 0.00837 
1.5CNTs-OH 0.99603 0.13358 -0.12079 0.00623 
3CNTs 0.9967 0.1161 -0.10463 0.0047 
3CNTs-COOH 0.99428 0.1071 -0.08837 0.00501 
3CNTs-NH2 0.99637 0.11467 -0.10161 0.00515 
3CNTs-OH 0.99721 0.10731 -0.09758 0.00439 
 
To summarize the influences of initial resistivity of PVDF nanocomposites and network of 
nanotubes on their piezoresistive behavior, a schematic illustration is provided in Fig. 4.1.9. It 
shows in the upper half of the schematic for the nanocomposites with a low content of nanotubes 
that conductive network (as shown in image A2 and A4) are much looser when nanotubes are 
poorly dispersed in the polymer matrix (shown by the image A1 and A3). In this case both the 
initial resistivity and piezoresistive sensitivity (indicated by the change of ΔR/R0 vs. strain shown 
in ΔR/R0-strain curve (a)) of the nanocomposites are higher in 1CNTs-COOH if it is compared 
with 0.75CNTs, as shown in Fig. 4.1.9. Since their conductive network (indicated by the bright 
areas in the SEM images A2 and A4) are very loose, ΔR/R0 of the nanocomposites is triggered 
by the tunneling distance change between nanotubes at a low strain loading level (mechanism 1, 
M1) and it evolves into the breakup of some parts of loose conductive pathway with strain 
growth (mechanism 2, M2). However, both initial resistivity and piezoresistive sensitivity 
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decrease obviously with increasing nanotube content, as shown in Fig. 4.1.9 for ΔR/R0-strain 
curve (b) of nanocomposites filled with 3% MWCNTs. Besides, much denser conductive 
network can be seen in the nanocomposites containing 3% nanotubes (shown in the 
corresponding SEM images B2 and B4) and they can resist to tensile strain robustly, which 
results in lower sensitivity of ΔR/R0 against strain. However, increasing content of nanotubes 
results in the increase of remaining nanotube agglomerates and structure inhomogeneity of 
nanocomposites, in this case despite that the tensile stress/strain will also absolutely lead to the 
increase of tunneling resistance, the robust and dense network of nanotubes can slow down the 
response of the piezoresistive effect to strain. At meantime, the accumulation of tunneling 
resistance change increases with the strain loading, and the loss of the conductive pathway or 
network breakup will occur once the connections between nanotubes are not robust enough to 
resist the deformation of the polymer matrix. Connections between nanotubes depend on the 
interactions between nanotubes and polymers, contacts between nanotubes and compactness of 
conductive network. Earlier breakup of conductive nanotube pathway will happen once the 
connections between nanotubes are not able to resist the mechanical stress. As a result, M2 is 
probably dominantly responsible for piezoresistive behavior of PVDF nanocomposites with high 
contents of nanotubes and relatively dense conductive network. However, it is worth noting that 
higher piezoresistive sensitivity can still be seen in those nanocomposites with poorly-dispersed 
nanotubes because of their higher resistivity and susceptible network consisting of dispersed 
nanotubes and their bundles or agglomerates, indicating that the dispersion or distribution of 
nanotubes obviously influences the piezoresistive sensitivity of CPNCs. Although relatively 
lower piezoresistive sensitivity is obtained in those nanocomposites with homogeneous 
dispersion of nanotubes, higher yield strain can be achieved in them, indicating a better tolerance 
to larger strains and wider measurable range for SHM application. So, it is of great importance to 
balance piezoresistive sensitivity and mechanical property of CPNCs used as strain sensors for 
SHM applications, which are both influenced by the dispersion and network compactness of 
nanotubes.  
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Fig. 4.1.9 Schematic illustration of the influences of dispersion and network compactness of 
MWCNTs on piezoresistive sensitivity of PVDF/MWCNT nanocomposites. 
 
4.1.5 Summary 
      The surface functionalization of carbon nanotubes influenced their intrinsic conductivity and 
dispersion in the PVDF matrix, which directly results in different resistivity of melt-mixed 
PVDF/MWCNT nanocomposites. Non-functionalized nanotubes, i.e. CNTs, have moderate 
intrinsic conductivity and the best dispersion in PVDF matrix, and have the lowest ΦC among the 
compared PVDF/MWCNT nanocomposites. On the contrary, MWCNTs with carboxyl groups, 
i.e. CNTs-COOH, exhibit the lowest intrinsic conductivity and a large number of non-dispersed 
agglomerates in the PVDF matrix, exhibit the highest ΦC in PVDF nanocomposites and 
relatively lower yield strain. CNTs-NH2 and CNTs-OH have relatively higher initial 
conductivities and worse dispersion in the polymer matrix than CNTs, thus their nanocomposites 
have slightly higher ΦC compared to those containing CNTs. Overall, the piezoresistive behavior 
of PVDF nanocomposites is dependent on their initial resistivity. PVDF/CNT-COOH 
nanocomposites, which have higher resistivity than others at the same nanotube loading, exhibit 
higher piezoresistive sensitivity correspondingly. The nanocomposites consisting of CNTs or 
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CNTs-OH have nearly the same initial resistivity and they thus exhibit nearly the same 
piezoresistive effects. Besides, piezoresistive behavior of PVDF/MWCNT nanocomposites is 
associated with the conductive network compactness of nanotubes, which depends on the amount 
of nanotubes and their dispersion in the polymer matrix. In detail, the lower the content of 
nanotubes in CPNCs, the looser the conductive network, and the sensitivity of ΔR/R0-strain in 
the nanocomposites is higher. Similarly, at the same nanotube content the worse the dispersion of 
nanotubes, the relatively looser the conductive network, and as a result larger values of ΔR/R0 are 
obtained. Finally, fitting the experimental values to a model described in literature suggests that 
the change of tunneling resistance, which results from the tunneling distance change between 
overlapped or hopped nanotubes, dominates the piezoresistive mechanism of PVDF 
nanocomposites for the loose conductive network at low strains. The tunneling resistance change 
evolves into breakup of conductive pathway with increasing strain loading. However, the later 
dominates the piezoresistive mechanism of the nanocomposites if they contain very high content 
of nanotubes, e.g. 3% nanotubes. Additionally, the more pronounced existence of remaining 
nanotube agglomerates will accelerate the evolution of resistance increase to loss of the 
conductive pathway or breakup of the conductive network. 
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4.2 Piezoresistive behavior of PVDF/CNT/CB nanocomposites 
      As discussed in 4.1, piezoresistive sensitivity of CPNCs at a given strain depends on the 
network structure of carbon nanotubes, e.g. sparse or dense network. The mechanisms for the 
piezoresistive behavior of CPNCs can be summarized as increase of tunneling distance and loss 
of contacts or connections among conductive fillers. Given all these, it seems available to tune 
the piezoresistive effect of CPNCs by constructing desired sensitive network structures composed 
of hybrid conductive fillers, which have different shapes and sizes.  
Two advantages of such hybrid filler network are hereon anticipated:  
1) Higher potential to be deformed or disconnected when subjected to tensile strains;  
2) Lower product cost without sacrificing electrical conductivity and mechanical toughness. 
Herein, CB is a good candidate to be used together with unmodified carbon nanotubes (CNTs 
used in the former section, NC3150). We selected as carbon black the material Printex
®
 XE 2B 
(Evonik Degussa GmbH, Marl, Germany) as this material is a highly structured CB with small 
primary particles sizes.
207
 Attempting to get conductive network with different compactness, 
thereby the selection of CNT contents is 0.5, 0.75 and 1%, which is based on the ΦC of 
PVDF/CNT nanocomposites (ΦCNTs=0.53%) presented in Fig. 4.1.1. Mass ratios of CNTs to CB 
(mCNTs/mCB) were fixed with 1:1, 1:2 and 1:4 in those samples with fixed contents of CNTs 0.5 
and 0.75%, while for the sample with CNT content of 1%, mCNTs/mCB were selected as 2:1, 1:1, 
1:2 and 1:4. PVDF pellets, CNTs and CB were mixed using a twin-screw micro-compounder 
under fixed conditions of 210 °C, 200 rpm and 10 min. On these composites, the piezoresistive 
properties, together with initial resistivity, mechanical properties and morphology of the 
nanocomposites were investigated.   
    4.2.1 Electrical resistivity 
       Fig. 4.2.1, Fig. 4.2.2 and Fig. 4.2.3, present the initial resistivity of the same samples versus 
the content of total filler, CB, and CNTs, respectively. Fig. 4.2.1 shows that the resistivity of 
PVDF/CB nanocomposites is higher than that of PVDF/CNTs at the same filler content. Besides, 
as shown in the insert of Fig. 4.2.1, ΦC of PVDF/CNT nanocomposites is 0.53% (wt. %), while 
that for PVDF/CB system is 1.81% (wt. %). This percolation threshold of CB in PVDF is much 
lower than those reported for other types of CB in literatures, e.g. by Zhang et al.
214
 (9 wt. %, 
melt mixed using a Brabender mixer for 5 min at 200 °C; kneaded by a two-roll mill for 5 min at 
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190 °C) or Wu et al.
215
(ca. 11 wt. %, two-roll mill mixing for 10 min at 200 °C). Although the 
processing conditions used in these two references are different from the current work and the 
raw materials of CB particles are also different, the percolation threshold obtained here for CB is 
very low. However, with the substitution of parts of CNTs with different amounts of CB, the 
resistivity of PVDF/CNT-CB nanocomposites containing 0.5% CNTs is very close to that of 
PVDF/CNT, especially if the total filler content is higher than 1%. Besides, it can be seen that the 
nanocomposites with 0.75% or 1% CNTs together with some amounts of CB exhibit nearly the 
same resistivity as that of PVDF/CNT nanocomposites for a given content of total fillers. This 
indicates that CB can replace parts of CNTs to form conductive pathway in the PVDF matrix, 
which shows agreements with the results reported in other polymer matrices
207, 216-217
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Fig. 4.2.1 Volume resistivity of PVDF nanocomposites with CNTs, CB, and selected hybrid filler 
systems of CNTs and CB plotted vs. total filler content. 
 
      To make a further comparison of the contributions of CB and CNTs to the electrical 
conductivity of PVDF nanocomposites, the volume resistivity is plotted versus the mass ratio of 
CNTs to CB as shown in Fig. 4.2.2. Obviously, like in the graphs in Fig. 4.2.1, with the decrease 
of mCNTs/mCB (guided by the vertical purple dotted lines in Fig. 4.2.2), the resistivity of the 
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nanocomposites with 0.5% CNTs decreases substantially. However, for those nanocomposites 
containing 0.75 and 1% CNTs, there is only a slight decrease of resistivity with the incorporation 
of CB. Besides, for a mCNTs/mCB value of ½ and ¼, approximately the same trend of resistivity 
variation can be observed for the samples containing 0.75 and 1% CNTs. All of these suggest that 
the utilization of CB can only effectively facilitate the formation of conductive pathway in the 
nanocomposites which contain only 0.5% CNTs. In the composites with CNT contents higher 
than 0.53% (ΦC of the PVDF/CNT system), e.g. 0.75CNTs and 1CNTs, the contribution of CB to 
the improvement of their electrical conductivity is limited, as CNTs themselves already formed 
the conductive pathway. The volume resistivity of these samples, whose names are provided in 
Fig. 4.2.2, is lower when they have a larger value of mCNTs/mCB at the same content of total fillers, 
e.g. those samples consisting of 1 and 1.5% total fillers. This again indicates that CNTs, which 
build the conductive network structure due to their larger aspect ratio
104
, contribute mainly to the 
formation of conductive pathway in PVDF. In a summary, the incorporation of CB influences 
electrical conductivity of PVDF nanocomposites and it is related to mCNTs/mCB. The larger the 
mCNTs/mCB in the nanocomposites is, the lower their electrical resistivity will be. 
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Fig. 4.2.2 Electrical volume resistivity of PVDF nanocomposites, which were filled with hybrid 
filler systems consisting of CB and CNTs, plotted vs. the content of CNTs. 
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4.2.2 Dispersion of conductive fillers 
      Fig. 4.2.3 provides LM images illustrating the dispersion of CB and CNTs in the PVDF 
matrix. It can be seen that the agglomeration area ratio of CB in the PVDF matrix is much larger 
than that of CNTs. This is possibly one of the reasons for much higher ΦC of PVDF/CB 
compared to that of PVDF/CNTs shown in Fig. 4.2.1 besides the larger aspect ratio of CNTs. 
With the incorporation of more CB, the Aagg provided in each small image of Fig. 4.2.3 increases 
in the samples with the same content of CNTs, e.g. marked by the rectangle dashed boxes. 
Besides, with the incorporation of increasing filler amounts, Aagg increases for samples with the 
same mCNTs/mCB. In these cases, the incorporation of CB probably results in two effects: 1) 
enhancing the connections between CNTs and makes the conductive network denser or more 
perfect; 2) increasing melt viscosity of the composites during the melt mixing and triggering the 
increased agglomeration of fillers as revealed by the Aaggs listed in Fig. 4.2.3.  
 
Fig. 4.2.3 Macrodispersion of CNTs and CB in PVDF matrix as assessed by LM. 
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4.2.3 Mechanical and piezoresistive properties  
      Fig. 4.2.4 presents the development of stress and ΔR/R0 with the strain loading. As discussed 
in the former paragraphs, the incorporation of CB does not only influence the conductive 
properties of PVDF nanocomposites, but also adds some agglomerates as shown in Fig. 4.2.3. 
Furthermore, both of them are influenced by the mass ratio of CNTs to CB. This ratio also 
influences their mechanical fracture and piezoresistive behavior. Fig. 4.2.4 illustrates that at the 
same mCNTs/mCB ratio the incorporation of higher amounts of total fillers leads to not only the 
decreased piezoresistive sensitivity (lower ΔR/R0) but also deteriorated elongation in the PVDF 
nanocomposites. However, with the decrease of mCNTs/mCB, the piezoresistive sensitivity and 
elongation are both decreased, which is possibly ascribed to the decreased resistivity and 
increased structure heterogeneity as revealed by Aaggs listed in Fig. 4.2.4, respectively.  
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Fig. 4.2.4 Developments of the stress and relative resistance change vs. the growth of strain for 
PVDF nanocomposites with (a) mCNTs/mCB: 1/1 and (b) mCNTs/mCB: 1/2. 
 
      Besides, it can be observed that the nanocomposites shown in Fig. 2.4.2 have ca. 10% strain 
at the yield point, as marked by the wine dotted lines, which suggests that those nanocomposites 
have potential for monitoring much higher strain than metal foil strain gauges (micro-strain). As 
mentioned in 4.1, both the initial resistivity and compactness of conductive network influence 
piezoresistive sensitivity of PVDF nanocomposites, and the best piezoresistive effect can 
generally be achieved in the nanocomposites which have the filler contents slightly above their 
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ΦCs. Because they have higher initial resistivity and conductive network in them are looser. This 
means the content of conductive fillers and the compositions of CNTs and CB in hybrid fillers 
can affect the piezoresistive effect of PVDF nanocomposites. So, piezoresistive effects (ΔR/R0 
selected till the strain up to the yield point) of PVDF nanocomposites with different mCNTs/mCB 
are summarized in Fig. 4.2.5(a).  
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Fig. 4.2.5 (a) ΔR/R0-strain curves of PVDF nanocomposites filled with only CNTs and CNTs-CB 
hybrid fillers. (b) ΔR/R0 (at 6% strain) plotted vs. initial resistivity for the nanocomposites with 
fixed CNT contents of 0.5, 0.75 and 1 wt. % together with various contents of CB. 
 
Fig. 4.2.5(a) and (b) give the development of ΔR/R0 with strain and the plotting of ΔR/R0 (at 
6% strain) vs initial resistivity, respectively. It can be seen in Fig. 4.2.5(a) that nanocomposites 
with 0.5% CNTs exhibit higher piezoresistive sensitivity with strain loading than others, and 
much larger difference can be observed especially at large strains. In addition, lower addition of 
0.5CB results in larger values of ΔR/R0 than higher additions. The nanocomposites containing 
0.75% CNTs exhibit middle piezoresistive sensitivity compared with those filled with 0.5 and 1% 
CNTs and the incorporation of CB also results in slightly larger ΔR/R0 values. However, as 
discussed in the Fig. 4.2.1 and 4.2.2, the nanocomposites with 0.5% CNTs have higher initial 
resistivity than those with CNT content higher than 0.53%. As a consequence of this, the plotting 
of initial resistivity prior to stretching and ΔR/R0 at 6% strain vs. content of CB is provided in 
Fig. 4.2.5(b). Seemingly, the higher initial resistivity is corresponding to the higher ΔR/R0 if 
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ΔR/R0 values of four groups of nanocomposites (marked by the dashed lines) with different 
ratios of mCNTs/mCB were compared on the whole, and ΔR/R0 values decrease with increasing CB 
content. Accordingly this suggests that larger values of ΔR/R0 are caused by their higher initial 
resistivity, which matches the results of 4.1. However, the advantage of the addition of CB on the 
increase of piezoresistive sensitivity of PVDF nanocomposites can be revealed when the initial 
resistivity and ΔR/R0 of 0.5CNTs-1CB and 0.5CNTs-2CB are compared with those of 0.75CNTs 
and 1CNTs. In details, both 0.5CNTs-1CB and 0.5CNTs-2CB have lower initial resistivity than 
the nanocomposites filled with CNTs only like 0.75CNTs and 1CNTs, whereas the former still 
have larger values of ΔR/R0 than the latter. In addition, the nanocomposites with 0.75% CNTs 
plus some amounts of CB (mCNTs/mCB 1/1, 1/2 and 1/4) also exhibit higher piezoresistive 
sensitivity (as reflected by the values of ΔR/R0) than that of the nanocomposites containing only 
1% CNTs in despite of the lower resistivity in the former.  
Likewise, the same phenomenon can also be observed in nanocomposites filled with hybrid 
conductive fillers, e.g. the initial resistivity of 0.5CNTs-2CB is lower than that of 0.75CNTs-
0.75CB, but ΔR/R0 in the former is higher. Additionally, lower initial resistivity but higher and 
ΔR/R0 in 0.75CNTs-3CB can be observed as compared with 1CNTs-1CB. All of these examples 
probably indicate that the influence of conductive network on the piezoresistive sensitivity of 
PVDF/CNT-CB nanocomposites is greater than that from initial resistivity. Besides, it seems that 
the slopes of and ΔR/R0 to initial resistivity in the nanocomposites with lower mass ratio of 
CNTs to CB is larger, as presented in Fig. 4.2.5(b). This suggests that mCNTs/mCB influences 
piezoresistive sensitivity of PVDF nanocomposites. In a summary, it can be concluded that 
conductive pathway or network consisting of CNTs and CB are more susceptible to tensile strain 
than those consisting of CNTs only, or such susceptible conductive pathway/network composed 
of lower contents of CNTs (CNT content nearer to ΦC=0.53%) plus some amounts of CB exhibit 
better piezoresistive sensitivity than those containing higher contents of CNTs plus some 
amounts of CB.  
4.2.4 Effects of CNT-CB network on piezoresistive sensitivity 
      The former paragraph presented the possible advantages of CNT-CB network on the 
piezoresistive sensitivity improvement of PVDF nanocomposites in contrast to those consisting 
of only CNTs. To have a further discussion about the detailed effects of CNT-CB conductive 
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pathway/network on the piezoresistive behavior of PVDF nanocomposites, the morphology of the 
CNTs and CB particles in the PVDF matrix, as well as that of their conductive network, was 
investigated. Fig. 4.2.6 gives SEM images of the frozen fracture surface of 0.5CNTs-0.5CB and 
0.75CNTs-0.75CB. It can be seen that parts of CB particles (marked by blue arrows) located 
around the surrounding of CNTs (marked by green arrows), although CB particles can be 
observed in some areas without CNTs. The location of CB particles in the surrounding of CNTs 
will offer opportunity of the formation of hybrid network of CNTs-CB, as marked by the dashed 
red frames in the image. Since aspect ratio of CNTs (length 1μm and diameter 9.5 nm, provided 
in 3.1) are much larger than that of CB (30-35 nm, provided in 3.1), there will be more possibility 
of the increase of tunneling resistance in network of CNTs-CB under the same tensile strain 
compared with the conductive pathway/network consisting of only CNTs. Because there is more 
possibility of distance increase between CB particles than CNTs for a certain length in a part of 
one pathway under the same tensile strain once the hybrid network of CNTs-CB are formed in 
PVDF. Besides, if the CNT content is less than 0.53% (ΦC of PVDF/CNT system as shown in 
Fig. 4.2.1), CNT content is probably not enough to form conductive pathway/network in PVDF 
in theory if the dispersion level of CNTs is the same in these two nanocomposites. In this case, 
the incorporation of CB will fill the gaps between neighboring CNTs.  
     Although CNTs can also form some parts of the pathway by themselves in PVDF, the location 
of CB particles in the surrounding of CNTs to complete the conductive pathway/network is 
possible in those nanocomposites containing only 0.5% CNTs. Once CB particles go to the gap 
between CNTs, the formation of special conductive pathways, i.e. CB particles connected by 
CNTs, the piezoresistive sensitivity will be increased under the same tensile strain compared to 
those nanocomposites with only CNTs when they have the same/similar initial resistivity based 
on the above hypothesis. Besides, piezoresistive sensitivity of PVDF/CNT-CB nanocomposites 
will be related to CB content. To confirm this, piezoresistive effects of the nanocomposites with 
the same amount of total fillers was comparatively investigated in Fig. 4.2.7. 
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Fig. 4.2.6 SEM images of cryo-fractured surface of (a) 0.5CNTs-CB and (b) 0.75CNTs-0.75CB. 
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Fig. 4.2.7 ΔR/R0-strain curves, resistivity and conductive network structure shown by CCI-SEM 
images for 0.5CNTs-1CB, 0.75CNTs-0.75CB and 1CNTs-0.5CB. 
  
 Fig. 4.2.7 shows the ΔR/R0-strain curves of the nanocomposites with a total filler content of 
1.5% and their resistivity, together with the SEM observations of their network structure. It can 
be observed that the sample with a lower mCNTs/mCB exhibits higher resistivity and larger values 
of ΔR/R0 (piezoresistive sensitivity) correspondingly. Besides, the network of CNTs-CB is 
totally different in these three nanocomposites. In Fig. 4.2.7, string-like array of network 
consisting of CNTs and CB particles in 0.5CNTs-1CB can be observed in the CCI-SEM image 
(marked by the black dashed frame). This kind of network is very sparse and susceptible to strain 
because of the movement or slippage of CB particles under strain
131, 177
. As mentioned above, CB 
will probably bridge the neighboring CNTs to complete the connections between CNTs once the 
content of CNTs is lower than 0.53 %, and this kind of conductive pathway/network will be more 
susceptible to tensile strain. Once the CNT content is higher than 0.53%, the amounts of CNTs 
are enough to form conductive pathway/network by themselves, and the more CNTs are 
incorporated, more possibility is given for the formation of pure CNT network. In this case, the 
94 
 
pathway/network of conductive fillers will include three parts with the addition of CB: connected 
CNTs, CB-bridged CNTs and CNT-bridged CB particles. Importantly, the first one will be 
probably predominant due to the much larger aspect ratio of CNTs. As a result, the 
nanocomposites containing such a kind of dense network structure will have lower resistivity and 
are more robust to resist tensile strain. Accordingly, as shown in Fig. 4.2.7, 1CNTs-0.5CB has a 
leaf-like network (marked by dashed blue frame), which are very dense and well inter-connected. 
As a consequence, 1CNTs-0.5CB naturally has smaller ΔR/R0 at the same strain level.  
As the content of CNTs is slightly higher than 0.53% in 0.75CNTs-0.75CB, the amount of 
CNTs is not high enough to form very dense network like those observed in 1CNTs-0.5CB, the 
compactness of network is in between the other two. However, the initial resistivity provided in 
the insert in Fig. 4.2.8 shows that the order of ΔR/R0 in three nanocomposites is the same as that 
of initial resistivity, which means the differences in ΔR/R0s are probably ascribed to the 
difference in their initial resistivity, not only the network structure. To exclude the effect of initial 
resistivity on the contribution of CNT-CB network to the increase of ΔR/R0 at the same strain, 
two examples are provided in Fig. 4.2.8. As shown in the upper figure in Fig. 4.2.8, compared 
with 1CNTs, 0.5CNTs-1CB has larger values of ΔR/R0 at the same strain, especially at large 
strains, which confirms the advantages of CNT-CB network against that of only CNTs on the 
increase of ΔR/R0. Interestingly, in the lower figure in Fig. 4.2.8, the nanocomposite 0.5CNTs-
2CB has higher piezoresistive sensitivity than 1CNTs-0.5CB in despite of the same resistivity in 
them. Therefore, using CNTs and CB to form hybrid conductive network is better than using only 
CNTs for increasing the piezoresistive sensitivity of piezoresistive CPNCs. However, in those 
nanocomposites with CNT contents higher than 0.53%, CNTs are able to form conductive 
pathway/network by themselves, so the possibility of forming such kind of pathway/network in 
the polymer matrix will be less and this possibility decreases further with the increasing CNT 
content. In this case, the contribution of CB addition to the piezoresistive sensitivity improvement 
of PVDF/CNT-CB nanocomposites will be limited. 
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Fig. 4.2.8 ΔR/R0 plotted with the strain growth for the nanocomposites with approximate values 
of electrical resistivity. The inserts are their electrical resistivity. 
 
4.2.5 Schematic illustration of the mechanism 
      To get a comprehensive understanding of the role of network structure on electrical 
conductivity/resistivity and piezoresistive behavior of PVDF nanocomposites, a schematic is 
provided in Fig. 4.2.9. Results in Fig. 4.2.1 and 4.2.2 show that the addition of CB reduces 
electrical resistivity of PVDF nanocomposites with fixed CNT content of 0.5% significantly if 
compared to that of 0.5CNTs. Therefore, the addition of CB can facilitate the formation of 
conductive pathway via bridging CNTs in PVDF/CCNT-CB nanocomposites when the content of 
CNTs is lower than ΦCNTs (0.53 wt. %) of PVDF/CNT system. The bridging effect of CB is 
weakened and even destroyed during tensile deformation due to the separation of CB particles as 
shown in the upper schematic in Fig. 4.2.9, which gives rise to the resistance increase of the 
nanocomposites, i.e. the piezoresistive effect. However, for the nanocomposites containing a 
content of CNTs higher than 0.53 wt. %, CNTs are able to form primary conductive pathway. 
Here the addition of CB only further strengthens the contacts between CNTs and increase the 
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compactness of the conductive network. This reduces electrical resistivity only in a limited extent, 
as revealed by the electrical resistivity results of the nanocomposites with 0.75 and 1% CNTs 
shown in Fig. 4.2.1 and 4.2.2. After stretching, the breakage of conductive pathway will not be as 
effective as that in the nanocomposites containing 0.5% CNTs and various contents of CB at the 
same tensile strain. Although the distance between CNTs is likely increased due to the 
deformation of the polymer matrix under stretching, some contacts among CNTs can be reserved 
owing to the high content of CNTs and intense connections among CNTs due to their large aspect 
ratio, as depicted in the lower part schematic in Fig. 4.2.9. The separation of CB particles exists 
during the stretching, but they may go to the surrounding of CNTs and bridge CNTs during the 
deformation of the polymer matrix because of the higher amounts of CNTs and denser CNT 
network. This together with the reserved CNT pathway can maintain the conductivity of the 
nanocomposites under stretching. As a result, they may slow down the tunneling resistance 
increase and reduce the possibility of the breakup of the conductive pathway (especially at low 
strain levels). This will be more pronounced in the nanocomposites with higher contents of CNTs. 
 
Fig. 4.2.9 Schematic illustration of the network structure consisting of CNTs and CB before and 
after stretching of the PVDF nanocomposites contanining a CNT content around the percolation 
threshold (ΦCNTs=0.53 wt. %). 
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4.2.6 Summary 
  With the aim of constructing ‘‘hybrid’’ conductive network in melt-mixed PVDF 
nanocomposites, the utilization of CB to substitute parts of CNTs can not only effectively tune 
their resistivity but also their piezoresistive behavior. Thereby, the content of CNTs plays a 
significant role in tuning the piezoresistive effect of PVDF nanocomposites. For a content of 
CNTs lower than the ΦC (0.53%) of PVDF/CNT nanocomposites, the addition of CB as the 
second conductive filler can effectively decrease the electrical resistivity of the nanocomposites.  
What is of greater interest is that the ‘‘hybrid’’ conductive network composed by CNTs and CB 
can be formed in this case. In details, CNTs may work as backbones in the conductive network 
formed in PVDF and CB particles bridge the gaps between CNTs. This kind of conductive 
pathway/network exhibits very high sensitivity of ΔR/R0 against strain because of loss of 
connections between CB particles under tensile strain, especially at a strain near the yielding 
strain. For the nanocomposites with 0.75% CNTs, the addition of CB as the second filler can 
slightly improve the piezoresistive sensitivity of PVDF nanocomposites. In this case, small parts 
of CB particles bridge the nanotubes to form ‘‘hybrid’’ conductive network, which provide the 
nanocomposites consisting of hybrid fillers with relatively higher piezoresistive sensitivity than 
those consisting of only CNTs if they have similar initial resistivity. On the contrary, amounts of 
CNTs are enough to form dense CNT network in PVDF for PVDF/CNT-CB nanocomposites 
containing 1% CNTs. If so, CB as the second conductive filler can only slightly reduce the 
electrical resistivity, but it shows no help for the formation of strain-susceptible conductive 
pathway/network. As a result, PVDF nanocomposites filled with only 1% CNTs exhibit similar 
piezoresistive effect with those consisting of 1% CNTs together with various contents of CB. It 
was found that the influence of CNT content and mCNTs/mCB on the piezoresistive effect of PVDF 
nanocomposites play a decisive role in the determination of ΔR/R0-strain sensitivity in PVDF 
nanocomposites containing hybrid fillers. The nanocomposites with smaller values of mCNTs/mCB 
exhibit higher piezoresistive sensitivity when they have the same total contents of conductive 
fillers or very similar initial resistivity.  
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4.3 Piezoresistive behavior of PVDF/MWCNT/Clay nanocomposites   
The former two chapters have shown that using differently functionalized MWCNTs and 
hybrid fillers can effectively tune the piezoresistive sensitivity of PVDF nanocomposites. On the 
other hand they can lead to the deteriorated ductility of PVDF nanocomposites and the obtained 
yield strains are maximal 10%. The piezoresistive behavior of CPNCs is closely associated with 
their deformability and the yield behavior. To improve safety of strain monitoring in structural 
health monitoring systems, high toughness and yield strain are needed in CPNCs if they are 
expected to be used for wide measurable strain ranges and should be easily adhered or fixed to 
buildings or machines. One strategy to achieve high toughness and wide measurable strain range 
is using organoclay (named as clay in the following context) as nuclei agents to induce the 
formation of - and -phase PVDF crystals. Besides, using different kind of functionalized 
nanotubes, i.e. CNTs and CNTs-OH used in 4.1, were applied so that nanotube-PVDF 
interactions can be different in PVDF/MWCNT/clay systems. Clay used here is as-received 
organically modified nanoclay (Cloisite 10A, named as clay in the thesis). According to the 
results shown in 4.1, two contents of nanotubes, i.e. 0.75 and 1.5 wt. %, were selected as 
conductive fillers. PVDF pellets, CNTs or CNTs-OH and clay were mixed using a twin-screw 
micro-compounder under fixed conditions of 210 °C, 200 rpm and 10 min. 
 4.3.1 Electrical resistivity 
   Fig. 4.3.1 shows the volume resistivity of PVDF nanocomposites containing MWCNTs and 
clay, where non-functionalized CNTs and carboxyl group-modified nanotubes (CNTs-OH) were 
applied. As shown in this figure, the volume resistivity of the nanocomposites containing clay 
and MWCNTs is lower than that with MWCNTs alone, indicating that the incorporation of clay 
can improve the electrical conductivity of PVDF nanocomposites. Such an interesting 
phenomenon was also found by Liu et al.
218
 in epoxy/SWCNT/clay system and Bilotti et al.
219
in 
TPU/MWCNT/clay system.  
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Fig. 4.3.1 Volume resistivity of PVDF-nanotube nanocomposites plotted vs. clay content. 
    
 According to the comparison of the different nanotube materials in chapter 4.1, lower 
resistivity is obtained in the nanocomposites containing CNTs as compared to CNTs-OH, which 
is consistent with the results present in Fig. 4.3.1. On the whole, the nanocomposites containing 
CNTs and clay have lower resistivity than those consisting of CNT-OH and clay.  In addition, in 
the nanocomposites containing 1.5% MWCNTs, the resistivity is about one magnitude lower than 
that in those with a MWCNT content of 0.75% if the same type of nanotubes and content of clay 
are incorporated. This indicates that the conductive network in those nanocomposites with the 
same content of carbon nanotubes but different content of clay are different, which is expected to 
influence their piezoresistive behavior eventually. 
4.3.2 Stress-strain curves 
  In general, the piezoresistive behavior of CPNCs is not only related to their electrical 
conductivity but also to their mechanical property. Thus the stress-strain curves of PVDF 
nanocomposites filled with 0.75% MWCNTs together with different contents of clay are 
provided in Fig. 4.3.2. The stress-strain curves for nanocomposites containing 1.5% MWCNTs, 
no matter whether they were functionalized or not, are similar to those containing 0.75% CNTs at 
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the same content of clay (except slightly smaller elongation at break), and hence they are not 
provided here for brevity. It shows in Fig. 4.3.2(a) that the yield point of PVDF is ca. 10% and, 
that for 0.75CNTs and 0.75CNTs-OH ca. 11%, as indicated by the leaf-like symbols, indicating 
that the incorporation of unmodified nanotubes has little influence on the yield behavior of PVDF 
nanocomposites. However, with the incorporation of small amounts of clay, such as 0.25 and 
0.75%, a much higher yield strain (ca. 19%) can be achieved and it even reaches ca. 17% for the 
sample containing purely 1.5% clay. This indicates that the yield behavior of PVDF can be 
significantly changed with the incorporation of clay, which is in good accordance with other 
studies about the tensile property of clay filled PVDF nanocomposites
193, 195
. However, the 
highest strain of PVDF nanocomposites containing hybrid fillers of CNTs and clay is about 15% 
at the yield point, which is much lower than that of those nanocomposites containing only the 
same content of clay. In addition, the materials fracture shortly after the yield point, especially 
those nanocomposites containing high contents of clay (e.g. 0.75 and 1.5 wt. %). What is of 
interest is that the ductility of PVDF or PVDF/Clay nanocomposites can be greatly retained if 
functionalized nanotubes are incorporated. As shown in Fig. 4.3.2 (b), the yield strain of 
0.75CNT-OH-0.25Clay is ca. 18.5% and it still reaches ca. 16% in the sample 0.75CNTs-OH-
1.5Clay. Additionally, compared with PVDF/CNT/Clay nanocomposites, the elongation at break 
for the PVDF/CNTs-OH/Clay systems is very close to those nanocomposites purely filled with 
clay, which is indicative of the different microstructure (related to the crystalline phases of PVDF 
crystals) or possibly different interactions between PVDF chains and MWCNTs in these two 
systems. The formation of feather-like polar - or -phase crystals rather than non-polar-phase 
spherulites in the PVDF matrix can render better toughness
193, 195, 220-221
, and in addition, the 
interactions between PVDF chains and functional nanotubes plausibly contribute to better 
ductility in PVDF/CNTs-OH/Clay system. This together with the difference in electrical 
resistivity of PVDF nanocomposites is likely going to influence their piezoresistive behavior. 
Besides, although the incorporation of clay and nanotubes with different surface functionalization 
can affect the elongation of PVDF greatly, the decrease of yield stress is very little, as shown in 
Fig. 4.3.2. This suggests that such kinds of piezoresistive nanocomposites possess better potential 
for sensor applications under large stress compared with MWCNT filled elastomers.   
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Fig. 4.3.2 Stress-strain curves for PVDF nanocomposites containing 0.75% (a) CNTs and (b) 
CNTs-OH. 
 
4.3.3 Piezoresistive behavior 
Fig. 4.3.3 presents ΔR/R0 vs. strain for PVDF nanocomposites and the development of ΔR/R0 
with strain below 10% is provided in the insert. As seen in Fig. 4.3.3(a), ΔR/R0 increases with the 
strain loading for the nanocomposites containing 0.75% nanotubes. Besides, on the whole, 
similar values of ΔR/R0 up to 10% strain (the yield strain of composites with CNTs only) are 
obtained for the nanocomposites filled with hybrid fillers of MWCNTs and clay except the 
sample 0.25Clay-0.75CNTs. However, it can be seen that ΔR/R0 still grows with strain loading 
beyond 10% strain in the PVDF/CNT/Clay system because of its larger yield strain. Besides, it 
can be seen in Fig. 4.3.3(a) that the yield strains in PVDF/CNTs-OH/Clay nanocomposites are 
higher than those in PVDF/CNT/Clay nanocomposites. Meanwhile, as shown in Fig. 4.3.3(a), 
PVDF/CNTs-OH/Clay system has slightly higher ΔR/R0 than PVDF/CNTs/Clay at the same 
content of total fillers except the nanocomposites containing 1.5% Clay. This is probably related 
to their corresponding initial resistivity (as shown in Fig. 4.3.1) according to the tunneling 
mechanism
148
. This thus suggests that PVDF/CNT-OH/Clay nanocomposites are superior to 
PVDF/CNT/Clay system for piezoresistive strain sensors used for large strain. Therefore, the 
incorporation of clay can improve the piezoresistive effect of PVDF nanocomposites, e.g. 
enlarging their measurable strain ranges without the sacrifice of sensitivity of ΔR/R0 against 
strain. Besides, this strain improvement is especially pronounced in nanocomposites containing a 
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smaller amount of clay, e.g. 0.25% clay and is visible especially for the system containing CNTs-
OH. Comparatively, the nanocomposites filled with clay and CNTs-OH can reach larger strains 
like 16% and 18%, which is a much larger strain range as compared to other piezoresistive 
investigations on PVDF/MWCNT nanocomposites (<8%)
25, 27
.  
For nanocomposites containing 1.5% nanotube shown in Fig. 4.3.3(b), the values of ΔR/R0 of 
nanoocmposites with and without clay are very close to each other if strain is less than 10%, even 
if those without clay have higher resistivity (about one order of magnitude higher as presented in 
Fig. 4.3.1). Like the results shown in Fig. 4.3.3(a), the nanocomposites with clay exhibit wider 
measurable strain ranges than those filled only by the same content of MWCNTs, and the strain 
range is especially wider in those nanocomposites containing CNTs-OH. Therefore, it can be 
concluded that CNTs-OH are better than CNTs for producing strain-sensing PVDF 
nanocomposites with wider measurable strain ranges. 
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Fig. 4.3.3 ΔR/R0-strain curves of the nanocomposites containing (a) 0.75 and (b) 1.5 % carbon 
nanotubes. The last point in each curve represents the strain near their yield strain point. 
 
As mentioned in the former paragraph, initial resistivity is related to piezoresistive sensitivity 
(ΔR/R0) of PVDF nanocomposites. To compare the dependence of ΔR/R0 on initial resistivity in 
PVDF nanocomposites containing different kinds of MWCNTs and various amounts of clay, 
ΔR/R0 is plotted vs initial resistivity for PVDF nanocomposites with 0.75 and 1.5% MWCNTs 
and the results are shown in Fig. 4.3.4. It can be seen in Fig. 4.3.4 that ΔR/R0 increases with 
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decreasing initial resistivity in PVDF/CNT/Clay system on the whole when nanotube content is 
fixed at 0.75%, especially at high clay content. However, the trend of ΔR/R0 increasing with 
decreasing initial resistivity is mild in PVDF/CNT-OH/Clay system with fixed nanotube content 
of 0.75% if compared with that in PVDF/CNT/Clay system. As a whole, the nanocomposites 
containing clay and carbon nanotubes have higher ΔR/R0 than those filled with only the same 
content of nanotubes despite of the lower resistivity in the former. This is totally different from 
the results discussed in 4.1, which shows that ΔR/R0 decreases with decreasing initial resistivity. 
So, it suggests that incorporation of clay can increase the piezoresistive sensitivity except the 
wider sensing strain ranges, and the increase of ΔR/R0 is possibly related to the change in yield 
behavior of PVDF nanocomposites with the presence of clay. However, for the nanocomposites 
with fixed nanotube content of 1.5%, on the whole, ΔR/R0 slightly tends to slightly increase with 
decreasing initial resistivity for both systems containing CNTs and CNTs-OH the increasing clay 
content. Besides, the values of ΔR/R0 are just slightly lower than those of the nanocomposites 
without clay. Therefore, the incorporation of clay influences not only the yield strain of PVDF 
nanocomposites but also the deformation of network of MWCNTs, which in turn influences 
piezoresistive effects of PVDF nanocomposites. 
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Fig. 4.3.4 ΔR/R0 (at 8% strain) plotted vs. initial resistivity for PVDF nanocomposites 
containing 0.75 and 1.5% carbon nanotubes combined with various contents of clay. 
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 4.3.4 Crystalline phases 
It is known that incorporation of clay can induce the formation of polar - and -phase 
crystals in PVDF which contribute to the toughness of the nanocomposites
193, 195
. In addition, the 
results shown before indicate that the nanocomposites with functionalized nanotubes and clay 
exhibit larger yielding strain and elongation at break. Thus, the crystalline phases and nanotubes-
PVDF interactions were studied to elaborate the influence of clay on the mechanical property and 
piezoresistive effects. FTIR was used to investigate the existence and relative amounts of 
crystalline phases in PVDF nanocomposites, whereas nanotube-PVDF interactions were studied 
by Raman spectroscopy and supported by morphology observations from SEM and TEM.  
As it was summarized in literature
30
, X-ray diffraction patterns and differential scanning 
calorimetry are not able to distinguish ,and phases in PVDF well. Thus, FTIR is widely 
used to identify different crystal types in PVDF according to the molecule vibrations of PVDF 
chains in different crystals. Fig. 4.3.5 shows the FTIR spectra of PVDF nanocomposites 
consisting of clay, CNTs and their hybrid. According to Fig. 4.3.5(a), pure PVDF crystallizes in 
the non-polar phase confirmed by the absorbance peaks at 614, 763, 795 and 975 cm
-1 30, 209, 211
, 
while clay can effectively induce the formation of polar - and -phase crystals, which are 
indicated by the peaks at 840 and 833 or 1231 cm
-1
 
30, 206, 211
, respectively, as marked by 
corresponding violet and orange dotted lines.  
Besides, it can be seen that the percentage of polar phase increases with increasing clay 
content, and -phase absorbance peaks at 614, 763, 795 and 975 cm
-1
 in 0.75Clay and 1.5Clay 
become weak and even disappear if compared with 0.25Clay. In order to quantify the efficiency 
of clay nucleating the polar phases in PVDF, the percentage of polar phases (Fp) of the 
nanocomposites containing only clay is presented in the insert of Fig. 4.3.5 (a). Fp increases from 
93% in 0.25Clay to 97% in 0.75Clay and it stays at 98% for 1.5Clay, meaning the formation of 
polar phases depends on the presence of clay but weakly on clay content. There seems a 
saturation of nucleation effect of clay on the formation of polar PVDF crystalline phases starting 
at 0.75% clay. On the one hand, 0.25% clay is enough to induce large amounts of polar  and  
phases in PVDF, e.g. more than 90%, and higher contents of clay possibly results in bigger clay 
agglomerates. However, due to enhanced melt viscosity because of clay addition, CNT dispersion 
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may be changed. On the other hand, more clay results in more possibility of interactions between 
clay platelets and nanotubes, which may reduce especially deformability of the composites. This 
can be revealed by the deteriorated elongations at break shown in Fig. 4.3.2. Nanocomposites 
containing 1.5% Clay and 0.75% MWCNTs fracture quickly beyond the yield point. 
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Fig. 4.3.5 FTIR spectra of PVDF nanocomposites filled with (a) clay, (b) 0.75 and (c) 1.5% 
CNTs or CNTs-OH combined with various contents of clay. 
 
  Fig. 4.3.5 (b) and (c) show that the incorporation of CNTs, whether they are functionalized or 
not, can only induce very small amounts of -phase crystals as indicated by the peak at 840 cm
-1. 
This amount is ca. 5% for both 1.5% CNTs and CNTs-OH as presented in Fig. 4.1.5(b). However, 
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the peaks of phase PVDF crystals are almost disappeared for all the samples containing hybrid 
fillers and, correspondingly, a wide double-peak indicative of the mixture of  and phases can 
be observed between 850 and 810 cm
-1
. Besides, there are obvious peaks at 1231 cm
-1
 which are 
assigned to  phase PVDF crystals. This indicates that the incorporation of clay and nanotubes 
may have a synergistic contribution to the formation of polar phases in PVDF, because the peaks 
of phase at 614 and 763 cm
-1
 can still be observed in the sample containing only 0.25Clay in 
Fig. 4.3.5(a), but they are disappeared in Fig. 4.3.5(b) and (c).  
 What is more interesting is that the surface functionalization of nanotubes influences the shape 
of the double peak appeared at 833 ( phase) and 840 cm
-1
 ( phase) in the nanocomposites. This 
is shown in Fig. 4.3.6, where the spectra between wave number 852 and 817 cm
-1 
(mixture of  
and  phase PVDF crystals) for the nanocomposites with 0.25 and 0.75% clay are magnified. In 
details, it can be observed in Fig. 4.3.6(a) that the peak at 833 cm
-1
 is dominant for those 
nanocomposites filled with clay and CNTs, However, those nanocomposites containing clay and 
CNTs-OH seemingly exhibit equal height of absorbance peak at 840 and 833 cm
-1
 as presented in 
Fig. 4.3.6(b). Furthermore, in Fig. 4.3.6(c) and (d) it can be seen that the relative content of  to  
phases (A/A is much higher in PVDF/CNTs-OH/Clay system than that in PVDF/CNTs/Clay 
system. Besides, A/Adecreases with increasing clay content in those nanocomposites 
containing CNTs, as shown in Fig. 4.3.6(c). Interestingly, for the nanocomposites containing 
CNTs-OH, this value increases with the clay content in Fig. 4.3.6(d). This indicates that 
functionalized nanotubes promote the formation of polar -phase PVDF crystals compared with 
pristine ones, which is probably a sign of the stronger interactions between CNTs-OH and PVDF 
chains because the formation of  phase is quite dependent on nanotube-PVDF interactions
206, 210, 
221
. To confirm this, the Raman spectra of PVDF nanocomposites were investigated, as Raman 
spectroscopy analysis is universally considered as an effective way to demonstrate polymer-
nanoparticle interactions 
222-223
.     
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Fig. 4.3.6 FTIR spectra of mixture of polar peak atcm
-1
 and  phases (peak atcm
-1
) 
between wave number 817 and 852 cm
-1
 in PVDF nanocomposites filled with clay and (a) CNTs 
and (b) CNTs-OH. The ratio of  to  phase (A/A) in (c) PVDF/CNTs/Clay and (d) 
PVDF/CNTs-OH/Clay is shown vs nanotube content. 
 
4.3.5 Nanotube-PVDF interactions 
   Fig. 4.3.7 gives the Raman spectra of pure PVDF, PVDF nanocomposites containing 0.25% 
clay and 0.75% MWCNTs, as well as both 0.25% clay and 0.75% nanotubes. It can be seen that 
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the -CF2 vibration at around 613 cm
-1
 for pure PVDF (marked by the pink heart symbol) is still 
visible for 0.75CNTs and 0.75CNTs-OH, while it shifts to lower wavenumbers for the 
nanocomposite 0.25Clay. However, interestingly, this vibration almost disappears in those 
samples with hybrid fillers, i.e. 0.75CNTs-0.25Clay and 0.75CNTs-OH-0.25Clay. This is in 
accordance with FTIR results to some extent, as the FTIR absorbance peak of phase located at 
614 cm
-1
 disappeared in these two nanocomposites (compared with results in Fig. 4.3.5 (b)). 
Besides, compared to the nanocomposites with MWCNTs alone, the symmetrical stretching 
vibration of -CF2 located at 798 cm
-1
 for pure PVDF (marked by the dark gray leaf) becomes 
weaker in composites containing hybrid fillers. Meanwhile, the band at around 842 cm
-1
 
associated with the rocking vibration of -CH2 (marked by an orange dotted line), which is very 
close to the -CF2 band at 798 cm
-1
, becomes much wider in the nanocomposites consisting of 
hybrid fillers. These are probable evidences of improved nanotube-PVDF interfacial interactions 
with the utilization of clay.
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Fig. 4.3.7 Raman spectra of PVDF, PVDF based nanocomposites containing 0.75% CNTs with 
and without clay. The samples shown in this figure are (1) 0.25Clay, (2) PVDF, (3) 0.75CNTs, (4) 
0.75CNTs-0.25Clay, (5) 0.75CNTs-OH and (6) 0.75CNTs-OH-0.25Clay. 
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      More interestingly, some other information in Fig. 4.3.7 can also give supports for the 
different interfacial interactions between the PVDF matrix and CNTs or CNTs-OH. For one thing, 
the symmetrical stretching vibration of -CF2 located at 798 cm
-1
 for pure PVDF shifts to 807 cm
-1
 
and 811 cm
-1
 for 0.75CNTs-0.25Clay and 0.75CNTs-OH-0.25Clay, respectively. However, there 
seems no shift of this band in samples 0.75CNTs and 0.75CNTs. For another, the -CH2 stretching 
vibration at ca. 3000 cm
-1
 for PVDF (marked by a black hollow circle with a plus in it), as well as 
0.75CNTs and 0.75CNTs-OH, shifts to ca. 2978 cm
-1
 for the sample 0.75CNTs-0.25Clay. 
Thereby, this band shifts to lower wavenumbers in 0.75CNTs-OH-0.25Clay and even double 
peaks appear. These indicate that the nanotube-PVDF interactions in PVDF/CNTs-OH/Clay, 
which probably can hinder the motions of -CH2 and -CF2 groups 
206, 223-224
, are probably stronger 
than those in PVDF/CNTs/Clay. For MWCNTs, the peak at ca.1348 cm
-1
 is called D-band, 
related to multiple phonon scattering of defects or amorphous carbon, while the peak at ca.1590 
cm
-1
 is assigned to G-band, which comes from the stretching of conjugated double bonds and 
corresponds to sp2 hybridization during the formation of the aryl-nanotube bond. 
222-224
 The ratio 
of intensities of these two bands can suggest the graphitization of MWCNTs. The second D-band 
located at ca. 2680 cm
-1
 is also related to multiple phonon scattering of defects or amorphous 
carbon. 
222-224
  
     In an effort to further distinguish the interfacial interactions between CNTs or CNTs-OH and 
the PVDF matrix, the locations of D-band, G-band, G
+
 (a small shoulder near G-band) and 2D-
band for those samples with higher contents of MWCNTs are provided in Table 4.3.1, as well as 
the intensity ratio of G-band to D-band (ID/IG). D-band of CNTs Although small changes of the 
wave number for the D-band and ID/IG are observed in Table 4.3.1, the upward shifts of G-, G
+
- 
and 2D-band in PVDF/CNTs-OH/Clay nanocomposites are more obvious than those in 
PVDF/CNTs/Clay. Therefore, this further demonstrates the probable stronger interfacial 
interactions between CNTs-OH and PVDF with the utilization of clay if compared with those 
between CNTs and PVDF chains.
224
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Table 4.3.1 Summaries of Raman spectra of MWCNTs filled PVDF nanocomposites with and 
without clay, positions of typical bands and the intensity ratio ID/IG. 
sample 
D-band 
cm
-1
 
G-band 
cm
-1
 
G
+
-band 
cm
-1
 
2D-band 
cm
-1
 
ID/IG 
1.5CNTs 1348 1592 1612 2685 1.3 
1.5CNTs-OH 1348 1592 1612 2685 1.4 
1.5CNTs-0.25Clay 1352 1595 1619 2692 1.4 
1.5CNTs-OH-0.25Clay 1349 1598 1619 2695 1.5 
1.5CNTs-0.75Clay 1349 1592 1616 2691 1.4 
1.5CNTs-OH-0.75Clay 1350 1595 1620 2699 1.5 
 
       Besides the results of Raman spectra, TEM and SEM results can also provide some supports 
for the nanotubes-PVDF interactions. As shown in Fig. 4.3.8, although the clay is not well 
exfoliated into single sheets in the PVDF matrix as revealed by Fig. 2.3.8 (a), its dispersion in 
PVDF matrix looks homogeneous, especially in Fig. 4.3.8 (b) and (c). Besides, more nanotubes 
located around or even connected to clay platelets in PVDF/CNTs-OH/Clay nanocomposites can 
be found in Fig. 4.3.8 (c) when compared with Fig. 4.3.8 (b), which indicates that CNTs-OH 
interact better with clay. This agrees with the results of Raman spectra. The probable stronger 
interactions between CNTs-OH and PVDF can not only contribute to the higher amount of -
phase crystals, but also lead to the higher energy dissipation during the deformation of the matrix, 
which is responsible for the larger yield strain and elongation at break. In order to support this, 
the fracture morphology of these two kinds of samples after tensile testing was observed by SEM.  
111 
 
 
 
 
Fig. 4.3.8 TEM images of (a) pure clay, (b) CNTs and clay (c) CNTs-OH and clay in PVDF.  
 
Fig. 4.3.9 gives the fracture surface morphology of fractured samples after tensile testing. At 
first, it can be observed that the dispersion of MWCNTs and clay in the PVDF matrix is 
relatively homogeneous from a nanoscale, although agglomerates of nanotubes can be observed. 
Besides, it seems there are less agglomerates of nanotubes in nanocomposites filled with CNTs 
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compared to those containing CNTs-OH, which is consistent with the dispersion of differently 
functionalized nanotubes in the PVDF matrix discussed in 4.1(CNTs show better dispersion than 
CNTs-OH). Although the dispersion of CNTs is relatively better, less nanotube can be found 
around deformed areas between clay and PVDF in Fig. 4.3.9(a) and (c), and CNTs (marked by 
olive arrows) and clay (marked by white arrows) are looking like severally distributed in PVDF. 
However, for the nanocomposites containing clay and functionalized nanotubes, inter-connected 
nanotubes are observed in the deformation areas between clay and PVDF, as shown in Fig. 
4.3.9(b) and (d). Besides, connections between the polymer matrix and fillers can be observed in 
the fracture surface in Fig. 4.3.9(b) and (d), which is possibly a sign of the interfacial interaction 
between fillers and the polymer matrix. This is consistent with the TEM results and indicates that 
the relationship between CNTs-OH and clay are possibly relatively superior to that between 
CNTs and clay. This relationship difference will possibly influence the interactions between two 
kinds of nanotubes and clay. So, these results from morphology are consistent with Raman results. 
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Fig. 4.3.9 Fracture surface morphology of the samples (a) 0.75CNTs-0.75Clay, (b) 0.75CNTs-
OH-0.75Clay, (c) 1.5CNTs-0.75Clay and (d) 1.5CNTs-OH-0.75Clay observed in the fractured 
samples directly after tensile testing. 
 
 4.3.6 Cyclic testing of piezoresistive behavior 
Usually, next to static testing also cyclic testing of the piezoresistive behavior of CPNCs is of 
practical importance for evaluating the strain sensing property and therefore cyclic testing was 
studied. In Fig. 4.3.10 the applied stress cycles and ΔR/R0 are shown for 15 cycles under 
maximum stresses of 15 and 40 MPa. Both stresses were selected to be lower than the yield stress 
of these samples (ca. 50 MPa, compare Fig. 4.3.2). There seems very small difference in the 
change of ΔR/R0 under loading and unloading states (the increase of ΔR/R0 from unloading to 
loading state is around 0.01 and the variation of the ΔR/R0 increase is ca. 0.001-0.002) for the 
nanocomposites composed of nanotubes alone or hybrid fillers at maximum stress of 15 MPa. 
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However, the increase of ΔR/R0 (from unloading to loading state) in those nanocomposites 
containing clay and nanotubes is ca. 0.13-0.16 once the cyclic testing was done with a maximum 
stress of 40MPa, while this increase for 0.75CNTs is ca. 0.12 at the same maximum stress (40 
MPa). This suggests that the nanocomposites consisting of hybrid fillers exhibit slightly better 
piezoresistive effect at large stress. However, it can also be observed that the samples with single 
and hybrid fillers both exhibit stable ΔR/R0 under a maximum stress of 15 MPa, but there is a 
hysteresis of ΔR/R0 at a maximum stress of 40 MPa for all of them, which is probably due to the 
incomplete relaxation and recovery of PVDF under stretching as well as the slight deformation of 
network during the cyclic testing. Although the hysteresis of strain under high stress, e.g. 40 MPa, 
is obvious, the increase of ΔR/R0 with cyclic strain loading is relatively stable and slow (less than 
5% in 15 cycles) with a holding time of 90 seconds. It is believed that this increase will be 
weakened at extended holding time under high level cyclic stress and the hysteresis will probably 
be weaker under lower stress (ca. 15-35 MPa).  
     In addition, the samples with higher contents of clay exhibit much higher piezoresistive 
sensitivity. This is revealed by the larger values of ΔR/R0 shown in Fig. 4.3.10(e) and (f) 
compared with those in Fig. 4.3.10(c) and (d) for the sample 0.75CNTs-OH-0.75Clay and 
0.75CNTs-OH-0.25Clay, especially under larger stress. This result of cyclic testing is in good 
accordance with the results of static testing shown in Fig. 4.3.3. However, the ΔR/R0 increase 
under cyclic testing for the samples 0.75CNTs-0.75Clay and 0.75CNTs-OH-0.75Clay is very 
close to each other. All of these indicate that such PVDF nanocomposites filled with clay and 
carbon nanotubes can be used as piezoresistive strain sensors below the yield stress also in cyclic 
sensing applications, and the repeatability is better under lower stress. Besides, it can be 
concluded that the utilization of clay can not only decrease the resistivity, improve yield strain 
and elongation at break of PVDF nanocomposites, but also improve the piezoresistive sensitivity 
at both single and cyclic loadings. Accordingly, they show a high potential for the strain sensing 
applications under large stress (ca. 15-40 MPa) and strains (up to 16%). 
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Fig. 4.3.10 Applied stress and ΔR/R0 in cyclic testing of samples 0.75CNTs, 0.75CNTs-OH-
0.25Clay, 0.75CNTs-OH-0.75Clay and 0.75CNTs-0.75Clay with maximum stresses of 15 MPa 
(a, c, e and g) and 40 MPa (b, d, f and h). 
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 4.3.7 Summary 
The utilization of organoclay in addition to MWCNTs can not only decrease the electrical 
resistivity, but also effectively induces the formation of large amount of polar crystals (Fp more 
than 90%), which renders higher yield strains of melt-mixed PVDF nanocomposites. 
Nanocomposites with CNTs have lower resistivity than those with CNTs-OH if the content of 
clay is not higher than 0.75%. At 1.5% clay loading, only the nanocomposites with CNTs-OH 
show slightly lower resistivity. Because of the probable interactions between functionalized 
nanotubes and clay, as well as nanotubes and PVDF, which are confirmed using Raman analysis 
and are supported by TEM and SEM images, PVDF/CNTs-OH/Clay exhibits much larger yield 
strain and elongation at break than PVDF/CNTs/Clay. Therefore, nanocomposites with CNTs-
OH have much wider strain ranges for large values of ΔR/R0 than those with CNTs at the same 
contents of nanotubes and clay. As there are stronger nanotubes-PVDF interactions (revealed by 
Raman results) in the nanocomposites with CNTs-OH, and the resistivity in the nanocomposites 
consisting clay and CNTs-OH is relatively higher than their counterpart with the same content of 
clay and CNTs, the former (PVDF/CNTs-OH/Clay) have slightly higher piezoresistive sensitivity 
at the same content of clay and nanotubes. However, this is only noticeable for the 
nanocomposites with 0.25% clay. They have very close piezoresistive sensitivity when the clay 
content is above than 0.25%. In addition, the utilization of clay can enlarge the strain range of 
PVDF nanocomposites greatly without sacrificing their sensitivity of ΔR/R0 against strain. 
Likewise, those nanocomposites with clay together with CNTs or CNTs-OH have similar 
piezoresistive sensitivity at the cyclic loading testing. All the nanocomposites have very low 
sensitivity of ΔR/R0 to strain when the maximum stress for cyclic loading is only 15 MPa, but 
they have really much higher sensitivity of ΔR/R0 to strain when the maximum stress is 40 MPa, 
which is near the yielding stress (ca. 50 MPa). 
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4.4 Piezoresistive behavior of PVDF nanocomposites filled with IL 
premixed CNTs-COOH  
As discussed in the chapter 4.3, the utilization of clay can improve the yield strain of PVDF 
nanocomposites because of the interactions between PVDF chains and carbon nanotubes, as well 
as the formation of polar crystalline phases. However, the utilization of clay can only increase the 
yield strain of PVDF nanocomposites to 19%, but there is no improvement of the elongation at 
break and sensitivity of ΔR/R0 to strain. In addition to this, the incorporation of clay can not 
increase the piezoresistive sensitivity of PVDF nanocomposites greatly. The main reason is the 
poor load transfer between PVDF and CNTs/CNT network. To break these limitations, herein 
ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate (BMIM
+
PF6
-
, the structure is 
shown in Fig. 4.4.1) was used as an interface linker or modifier for CNTs-COOH and PVDF so 
that much higher piezoresistive sensitivity can be achieved as compared to those results discussed 
in 4.1, 4.2 and 4.3. The selection of BMIM
+
PF6
-
 was based on four considerations: 1) it was 
reported that BMIM
+
PF6
-
 is fully miscible with PVDF (not plasticizing effect, since this IL can 
increase glass temperature of PVDF greatly due to strong cation-CF2 interactions)
58, 225
 and it has  
fluorine atoms like PVDF as shown in Fig. 4.4.1; 2) IL BMIM
+
PF6
-
 can facilitate the dispersion 
of pristine MWCNTs in the PVDF matrix
58, 221
; 3) there are strong interactions between this kind 
of IL and PVDF chains due to the interplay between -CF2 and planar cationic imidazolium ring in 
IL
58, 225
; 4)  electrons on the surface of carbon nanotubes can interact with cations in this IL
58
. In 
addition, it is worth mentioning that the selection of CNTs-COOH has two advantages. For one 
thing, it was reported that the carbonyl groups in acrylic polymers and polyesters can interact 
with -CF2 groups in PVDF.
226-227
 This means that -COOH groups will possibly interact with -CF2 
groups in PVDF chains, which can be supported by the studies done by Achaby et al.
228
, who 
reported that there are interactions between carbonyl groups on surface of graphene oxide and -
CF2 groups in PVDF. For another, CNTs-COOH has the highest percentage functionalized group 
(3%) on the surface of nanotubes among four types of nanotubes used in 4.1.
206
 All of these 
suggest that IL BMIM
+
PF6
-
 can probably serve as interface linker/modifier for PVDF and CNTs-
COOH. The load transfer between PVDF and CNTs-COOH will be improved once the interfacial 
interactions between PVDF and CNTs-COOH are strengthened, and then in strengthened 
interface bonding can increase the energy dissipation during the deformation and break of PVDF 
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nanaocomposites under tensile testing, apart from the dispersion of CNTs-COOH. PVDF pellets 
and IL (BMIM
+
PF6
-
) premixed carbon nanotubes were mixed using a twin-screw micro-
compounder under fixed conditions of 210 °C, 200 rpm and 15 min. Before compounding, 2 wt. % 
CNTs-COOH were manually premixed with IL by grinding in a mortar for 15 minutes. The mass 
ratio of IL to CNTs-COOH was selected to be 1:1, 2.5:1 and 5:1.  
 
Fig. 4.4.1 Chemical structure of BMIM
+
PF6
-
 ionic liquid. 
 
4.4.1 Mechanical properties    
       To confirm the enhancement of the stress load transfer from PVDF matrix to the network of 
CNTs-COOH with the aid of IL, as well as the improvement of the yield strain and toughness of 
the nanocomposites, herein the mechanical property of the nanocomposites was introduced at 
first. Fig. 4.4.2 gives the stress-strain curves of PVDF nanocomposites with only 2% CNTs-
COOH and IL premixed CNTs-COOH. The incorporation of CNTs-COOH results in an increase 
of the brittleness of PVDF nanocomposites compared to pure PVDF, which is greatly influenced 
by the worse state of dispersion of CNTs-COOH in the matrix, as shown in the light microscopy 
results in 4.1. However, with the incorporation of IL premixed carbon nanotubes, the elongation 
at break increases with the mass ratio of IL to CNTs-COOH. The nanocomposite 10IL-2CNTs-
COOH even has an elongation at break 4 times of that of pure PVDF, 3 times of that of 
composite PVDF-10IL and 18 times of that of the nanocomposite 2CNTs-COOH. This indicates 
that the incorporation of IL can effectively toughen PVDF in its composites as it was found 
before in literature
210, 221, 225
. Besides, the yield strain in pure PVDF (marked by the wine heart 
symbol) and 2CNTs-COOH is very close, while it increases with the content of IL for the 
nanocomposites consisting of IL premixed CNTs-COOH. Meanwhile, the nanocomposite 10IL-
2CNTs-COOH has a higher yield strain than PVDF-10IL. Therefore, those nanocomposites can 
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be used as strain sensors with wider measurable strain ranges. In addition, it can be seen that the 
incorporation of IL leads to a reduction of yield stress and even lower stress can be seen in 
PVDF-10IL as compared to that in 10IL-2CNTs-COOH, which means the material becomes 
softer. In this case, the network of CNTs-COOH can be easier deformed with the improved load 
transfer between PVDF and CNTs-COOH during stretching. Similar effects were reported in 
piezoresistive TPU/MWCNT nanocomposites
9
. To get support for this, the fracture surface after 
tensile testing was observed using SEM and the results are provided in Fig. 4.4.3.  
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Fig. 4.4.2 Stress-strain curves for PVDF nanocomposites with 2% neat CNTs-COOH and 2% 
CNTs-COOH premixed with various contents of IL. 
 
     Apparently, the sample 2CNTs-COOH has a brittle fracture surface, which is in good 
agreement with the stress-strain curve in Fig. 4.4.2. The utilization of 2% IL can improve the 
interface bonding between PVDF and CNTs-COOH, as revealed by the residual connections in 
the fracture areas (marked by the yellow rings). Interestingly, deformation of the matrix along the 
stretching direction in 10IL-2CNTs-COOH is obvious and exposed nanotubes are more difficult 
to be observed as compared to the fracture surface with 2CNTs-COOH. This may be taken as a 
sign of the strengthened bonding between nanotubes and the PVDF matrix. Additionally, as 
marked by the yellow squares, some holes or grooves filled with white particles which are 
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possibly consisting of IL or IL premixed CNTs-COOH can be observed in 10IL-2CNTs-COOH. 
This also proves the strengthened interface bonding between PVDF and IL or IL premixed 
nanotubes. As a great deformation of PVDF matrix (related to the formation of fibrillary structure 
due to the orientation of lamellae along stretching direction) was observed in the fracture surface, 
the deformation of CNTs-COOH network is expected to become easier under strengthened 
PVDF-nanotube bonding during stretching. This gives rise to more pronounced deformation of 
the matrix rather than the quick break of materials like 2CNTs-COOH, as shown in Fig. 4.4.2. 
Deformation of nanotube network will be influenced by the lower yield stress and stronger 
PVDF- nanotube bonding. In details, for one thing, the decrease of yield strength of the 
nanocomposite will increase its deformation ability, which can undergo higher level strain and 
the deformation of nanotubes will also be increased. For another, network of nanotubes can resist 
to mechanical deformation better once PVDF-nanotube bonding is strengthened, which is helpful 
for both the increase of elongation and piezoresistive sensitivity of PVDF nanocomposites.  
 
  
Fig. 4.4.3 SEM images of PVDF nanocomposites consisting of 2 % CNTs-COOH premixed by (a) 
0 %, (b) 2 % and (c) 10 % IL. 
121 
 
  4.4.2 Piezoresistive behavior 
      As discussed above, the sensitivity of ΔR/R0 against strain is tightly associated with the stress 
transfer from the polymer matrix to conductive network of fillers during the tensile testing. To 
confirm this in the nanocomposites containing IL, plottings of ΔR/R0 versus strain below yield 
strain, as well as the cyclic testing of ΔR/R0 at a maximum loading stress of 15 MPa, are 
provided in Fig. 4.4.4. To compare the improvement of sensitivity of ΔR/R0 with strain at low 
values (strain lower than 8%), an insert with GFs is provided in Fig. 4.4.4 (a). It is apparent that 
the sensitivity of ΔR/R0 to strain increases obviously with the strain loading, which is in 
accordance with the results for the other systems investigated in this work. Yield strain and GF at 
yield strain increase significantly with the content of IL. For 2CNTs-COOH, the yield strain is 
only 6%, while it increases up to 14, 18 and 21 for the nanocomposites containing 2, 5 and 10% 
IL, respectively (presented in Fig. 4.4.2).  
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Fig. 4.4.4 (a) ΔR/R0 plotted with strain for PVDF nanocomposites containing 2% CNTs-COOH 
premixed with various contents of IL. (b) ΔR/R0 with time in cycling testing of 2CNTs-COOH 
and 5IL-2CNTs-COOH at a maximum loading stress of 15 MPa. 
 
    In addition, it can be seen that GF in the nanocomposite 10IL-2CNTs-COOH reaches 60.4, 
which is nearly 10 times of that in 2CNTs-COOH. The GFs obtained here are much higher than 
those reported in literature on piezoresistive PVDF nanocomposites
23-27
, in which the highest one 
is ca. 20 reported by Eswaraiah et al.
24
. This suggests that the nanocomposites with IL premixed 
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CNTs-COOH are very potential to be used as piezoresistive strain sensors with both larger GFs 
and wide measurable strain ranges. It can be also seen in the insert, that the nanocomposites with 
higher content of IL has higher sensitivity of ΔR/R0 to strain and larger GF at the same strain. 
The cyclic testing results shown in Fig. 4.4.4(b) suggest that the response of ΔR/R0 to strain in 
5IL-2CNTs-COOH is three times of that in 2CNTs-COOH, as revealed by the value of ΔR/R0 at 
stress of 15 MPa. All of these suggest that the utilization of IL premixed CNTs-COOH can not 
only effectively increase the sensitivity of ΔR/R0 to strain of PVDF nanocomposites, but also 
enhance their yield strain. Both two are probably resulted from the strengthened PVDF-nanotube 
interface interactions, as mentioned in the former paragraph. Further evidence will be provided 
later when the PVDF-CNT-COOH interactions are discussed. 
4.4.3 Electrical resistivity  
      Since the discussions in 4.1, 4.2 and 4.3 suggest that the piezoresistive sensitivity of PVDF 
nanocomposites is closely related to their initial resistivity prior to stretching, the influence of IL 
on electrical resistivity of PVDF nanocomposites was also considered and ΔR/R0 (at 6% strain) is 
plotted vs initial resistivity in Fig. 4.4.5. It can be seen that resistivity increases with increasing 
IL content in PVDF nanocomposites. Interestingly, the resistivity of 10IL-2CNTs-COOH is about 
one order of magnitude higher than that of 2CNTs-COOH, which indicates that the utilization of 
10% IL probably changes the distribution and network structure of nanotubes in PVDF matrix 
greatly. Since it shows in Fig. 4.1.1 that the ΦC of PVDF/CNT-COOH nanocomposites is ca. 
0.82%, but here in 2% MWCNTs were used. Besides, the stress-strain curves in Fig. 4.4.2 show 
that the yield strain and elongation of 10IL-2CNTs-COOH is much higher than those of 2CNTs-
COOH, which means the increase of resistivity is probably associated with the change of 
interface linking between PVDF and CNTs-COOH with the aid of IL.  
     As seen in Fig. 4.4.5, ΔR/R0 at 6% strain increases with increasing initial resistivity, which is 
in accordance with the results discussed in 4.1. Besides, the resistivity also increases with IL 
content, which is in the same sequence with the increase of piezoresistive sensitivity or GF. 
Therefore, larger values of ΔR/R0 in PVDF nanocomposites containing IL premixed nanotubes 
are attributed to their higher initial resistivity. However, it shows in Fig. 4.4.5 that the slope of 
ΔR/R0 to logarithmic initial resistivity decreases with increasing IL content, especially at high IL 
content, which suggests that the dependence of ΔR/R0 on initial resistivity in nanocomposites 
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with high content of IL is becoming weaker. Therefore, there are some other reasons for the 
much higher GFs in those nanocomposites with high content of IL.  
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Fig. 4.4.5 ΔR/R0 (6% strain) plotted vs. initial resistivity of PVDF nanocomposites consisting of 
2% CNTs-COOH premixed with 2, 5 and 10% IL, respectively.  
 
    Besides, it was shown in Fig. 4.1.4(b) that PVDF/CNT-COOH nanocomposites consisting of 1 
and 3% CNTs-COOH have a ΔR/R0 of 0.2 and 0.15 at 6% strain, respectively, despite that 
resistivity of the former is one order of magnitude higher than that of the latter. Interestingly, as 
seen in the insert in Fig. 4.4.4, the value of ΔR/R0 at 6% strain for 10IL-2CNTs-COOH 
(ΔR/R0=0.81) is about 4 times of that in 2CNTs-COOH (ΔR/R0=0.42). Therefore, the increase of 
one order of magnitude for resistivity should not be able to trigger so much increase of sensitivity 
of ΔR/R0 to strain based on the results shown in 4.1. So, the attention can be drawn to the 
interfacial bonding between PVDF and CNTs-COOH if the improvements of yield strain and 
elongation, as well as the increase of resistivity were taken into consideration. To confirm this, 
the dispersion of nanotubes and interactions between PVDF and nanotubes or IL were 
investigated, which will be discussed in the following two subsections. 
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4.4.4 Dispersion of conductive fillers  
      Fig. 4.4.6 shows the macrodispersion (investigated by light microscopy) of pure and IL 
premixed CNTs-COOH in the PVDF matrix. Fig.4.4.6 (a) confirms that the dispersion of CNTs-
COOH in the PVDF matrix is bad and many big agglomerates are visible. This is in accordance 
with the light microscopy images of other CNTs-COOH contents as discussed in 4.1 and shown 
in Fig. 4.1.3. With the utilization of IL, these agglomerates seemingly become smaller and less, 
as shown in Fig.4.4.6 (b) to (d).   
  
  
Fig. 4.4.6 Light microscopy images of PVDF nanocomposites with 2% CNTs-COOH premixed 
with (a) 0, (b) 2, (c) 5 and (d) 10% IL. All images have the same scale bar as provided in (a). 
 
The area percentage of agglomerates, i.e. Aagg, which is provided in the bottom of each 
image, decreases with increasing IL content. Interestingly, the Aagg of 2CNTs-COOH is about 24 
times of that of 10IL-2CNTs-COOH and the agglomerates in the latter are much smaller and less, 
which indicates significantly improved dispersion of nanotubes when using IL. In summary, IL 
premixed CNTs-COOH shows better dispersion in the PVDF matrix compared with pure ones.    
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The dispersion of pure and IL premixed CNTs-COOH in the PVDF matrix was also studied using 
TEM in order to see smaller scale dispersion of nanotubes in PVDF matrix in more detail. TEM 
images of 2CNTs-COOH and 10IL-2CNTs-COOH are provided in Fig. 4.4.7. As seen in Fig. 
4.4.7(a), even in the nanoscale the agglomeration of pure nanotubes in PVDF is severe and there 
are areas with high concentration of nanotubes next to nanotube-free zones, which indicates the 
inhomogeneous dispersion of pristine CNTs-COOH in PVDF. However, in Fig. 4.4.7(b), 
homogeneous dispersion of IL premixed CNTs-COOH are seen in the matrix and only some very 
small loose agglomerates (in nanoscale) (not completely disentangled) can be observed in 10IL-
2CNTs-COOH, which is in good agreement with light microscopy results shown in Fig. 4.4.6. 
  
Fig. 4.4.7 TEM images of PVDF nanocomposites containing 2% CNTs-COOH integrated with (a) 
0% and (b) 10% IL.   
 
     All microscopy results shown illustrate that the utilization of IL improves the dispersion of 
nanotubes in the PVDF matrix and the improvements are associated with the content of IL 
premixed with nanotubes. This is consistent with other results reported in PVDF
58, 221
 and 
PMMA
57
 based nanocomposites with IL modified MWCNTs. As mentioned above, the 
dispersion of IL premixed nanotubes is much better than pure ones, but the resistivity in the 
nanocomposites with IL premixed nanotubes is much lower than that of 2CNTs-COOH, even if 
the content of nanotubes is much higher than the ΦC. This indicates that the surface of nanotubes 
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is probably coated or encapsulated with IL or PVDF chains
58
, which increases the resistivity of 
the nanocomposites. To account for it, the interactions among IL, PVDF and nanotubes were 
investigated and are discussed in 4.4.5. 
4.4.5 Crystalline phases and interfacial interactions 
      Fig. 4.4.7 gives the FTIR and Raman spectra of PVDF nanocomposites with pure and IL 
premixed CNTs-COOH. Fig. 4.4.7 (a) shows that the crystalline phase in pure PVDF and 
2CNTs-COOH consists solely of the nonpolar  phase, as revealed by the absorbance peaks at 
614, 763, 795 and 975 cm
-1
, which are assigned to  phase PVDF
30, 206, 208, 211
. However, those 
peaks completely disappear and the mixture of polar  and -phase PVDF crystals located at ca. 
840 cm
-1
 can be observed in those filled with IL premixed nanotubes. Besides, peaks appeared at 
1275 and 1230 cm
-1
 as marked by the dashed lines, which are assigned to β- and γ-phase crystals, 
respectively.
30, 206, 208
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Fig. 4.4.7 (a) FTIR and (b) Raman spectra of PVDF nanocomposites containing 2 wt. % CNTs-
COOH premixed with various contents of IL.  
 
In general, the formation of polar β- and γ-phase crystals depends on the interactions between 
PVDF chains and the other component like PMMA, fillers or ionic liquids, etc.
30, 58, 206, 226-227
 
Given this, the formation of polar crystalline phases in PVDF nanocomposites containing IL 
premixed nanotubes probably is resulted from the interactions between PVDF chains and IL. As 
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marked in Fig. 4.4.6(a), the stretching vibration of -CF2 appeared at 1179 cm
-1
 in pure PVDF and 
2CNTs-COOH shifts to 1164 cm
-1
, while a peak at 1168 cm
-1
 for pure IL is shown in Fig. 
4.4.7(a), which is very close to 1171 cm
-1
 reported to be imidazolium ring adsorption in literature 
for BMIM
+
PF6
-
.
58, 225
 Thus, this shift is indicative of interactions between PVDF and IL. In 
addition, the vibration of -CF2 at 870 cm
-1
 in pure PVDF and 2CNTs-COOH shifts to 875 cm
-1
 in 
the nanocomposites containing IL premixed nanotubes, which is also a sign of interactions 
between PVDF and IL regarding to the ion-dipole interplay.
58, 225
  
In the Raman spectra shown in Fig. 4.4.7(b), it is seen that the vibration of -CF2 shifts to the 
higher wavenumbers in the nanocomposites with IL premixed nanotubes and the vibration of -
CH2 becomes relatively more obvious compared to 2CNTs-COOH. This seems to be consistent 
with the FTIR results regarding to the interactions between -CF2 and IL or/and IL premixed 
CNTs-COOH. Additionally, a shift of 9 cm
-1
 for the vibration of -CH2 (at 2980 cm
-1
) is observed 
at for 2CNTs-COOH, which is probably attributed to  electron-dipole interactions between 
CNTs-COOH and PVDF.
206
 More interestingly, the 2D band shows a shift of 6 cm
-1
 from 
2CNTs-COOH to the nanocomposites containing IL premixed nanotubes. Although there is no 
obvious shift (<2cm
-1
) of D band and G band in the nanocomposites containing IL premixed 
nanotubes, the intensity of ID/IG increases with the content of IL. This together the 2D band shift 
indicates the interactions between PVDF and CNTs-COOH in the presence of IL.
206, 221, 223-224
  
The combination of FTIR and Raman results confirms the interactions between PVDF and IL 
premixed CNTs-COOH, and it indicates that IL can serve as interface linker or modifier for 
PVDF and CNTs-COOH due to the bridging of dipoles of PVDF and  electrons on nanotube 
surface with the aid of ions in IL.
58, 206, 221, 223-224
 The role of IL is like interface linker/modifier, 
which is realized by the physical coating or wrapping of IL on the surface of carbon nanotubes 
through grinding in a mortar. At this time, it is safe to say that in the aforementioned discussions 
the increase of resistivity, yield strain and elongation at break is attributed to the strengthened 
interactions between PVDF and IL premixed CNTs-COOH. Thanks to this improvement in the 
interface bonding between PVDF and nanotubes, together with the higher resistivity, the higher 
sensitivity of ΔR/R0 to strain in the nanocomposites with IL premixed nanotubes is achieved and 
GF increases with increasing IL content. 
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4.4.6 Summary   
       IL premixed CNTs-COOH can be more easily homogeneously dispersed in the PVDF matrix. 
The results from FTIR and Raman suggest that a partial encapsulation of the nanotubes by IL can 
be obtained, which means IL serves as the interface linker/modifier for PVDF and CNTs-COOH 
with the help of ion-dipole and ion- electron interactions. Accordingly, the piezoresistive 
sensitivity, yield strain and elongation at break are increased in those nanocomposites with IL 
premixed nanotubes. Besides, all of the effects are related to the content of IL. That is to say, 
higher amounts of IL contribute more to the improvements of nanotube dispersion in the PVDF 
matrix, the yield strain and sensitivity of ΔR/R0 to strain or GF. Light microscopy and TEM 
images show that a more homogeneous dispersion of CNTs-COOH can be achieved with the 
incorporation of 10% IL. This was achieved for CNTs-COOH which were proved to have the 
worst dispersion in the PVDF matrix after melt mixing compared to the other nanotubes in 
NC3150 series (as discussed in 4.1). In addition, the strengthened interface interaction between 
PVDF and IL or IL premixed nanotubes can not only result in very high elongation of the 
PVDF/CNTs-COOH nanocomposites, but also facilitate the deformation of conductive network 
because of the improved load transfer during the stretching, which benefits to the increase of GF 
and the enlarging of measurable strain ranges. So, these nanocomposites based on thermoplastics 
are suitable to fabricate piezoresistive strain sensors with large GF (GF=60) and very wide 
measurable strain ranges (higher than 20% strain).  
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5. Summary and Conclusions 
This work aimed to improve piezoresistive sensitivity and to enlarge sensing strain ranges of 
PVDF based conductive nanocomposites containing carbon nanotubes. Melt mixing was applied 
as preparation method for incorporation of multi-walled carbon nanotubes (MWCNTs). Four 
strategies were introduced to tune the sensitivity of the relative electrical resistance change 
ΔR/R0 versus the applied strain in tensile tests for such composites. Issues like the influence of 
carbon nanotube dispersion on initial resistivity of PVDF nanocomposites and conductive 
network structure of MWCNTs, as well as piezoresistive effects of the nanocomposites, were 
addressed when using differently functionalized MWCNTs (strategy 1). In addition, the effects of 
crystalline phases of PVDF and mechanical ductility of its nanocomposites, as well as interfacial 
interactions between PVDF and fillers, on piezoresistive property of PVDF nanocomposites were 
studied. Using hybrid fillers, isolating i.e. organoclay (strategy 2) or conductive i.e. carbon black 
(strategy 3) ones, sensing strain ranges and piezoresistive sensitivity of PVDF nanocomposites 
could be tuned. Using the ionic liquid BMIM
+
PF6
-
 as interface linker/modifier for 
PVDF/MWCNT nanocomposites (strategy 4), both higher sensitivity and larger measurable strain 
ranges are achieved simultaneously. 
Commercial non-functionalized MWCNTs were used as starting material and compared with 
MWCNTs with different surface functionalization. The MWCNTs show different dispersion in 
the PVDF matrix, which results at the same loading in different initial resistivity of the 
nanocomposites and distinct network compactness. Higher initial resistivity gives rise to higher 
piezoresistive sensitivity or larger values of ΔR/R. Likewise, looser conductive network lead to 
higher piezoresistive sensitivity. Fig. 5.1 compares dispersion and network structure of 
MWCNTs, as well as initial resistivity and piezoresistive sensitivity of PVDF nanocomposites 
filled with only MWCNTs. It can be observed that CNTs are homogeneously dispersed in PVDF 
(light microscopy images L2 and L4), while big agglomerates of CNTs-COOH can be seen in 
1CNTs-COOH and 3CNTs-COOH (L1 and L3, respectively). Besides, conductive networks 
(SEM images S2 and S4) in the nanocomposites filled with CNTs are more intensive than those 
in 1CNTs-COOH and 3CNTs-COOH (S1 and S3) at the same content of nanotubes. As a result, 
1CNTs-COOH and 3CNTs-COOH have higher initial resistivity than their counterparts 
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0.75CNTs and 3CNTs, respectively. Correspondingly, the nanocomposites filled with CNTs-
COOH have higher ΔR/R0 than those nanocomposites containing the same content of CNTs.  
 
Fig. 5.1 Comparisons of the dispersion, compactness of conductive networks of CNTs and 
CNTs-COOH in PVDF, initial resistivity and piezoresistive sensitivity of PVDF nanocomposites. 
 
In the nanocomposites filled with only MWCNTs, the state of dispersion of MWCNTs affects 
the conductive network structure of nanotubes, i.e. worse dispersion gives rise to looser network. 
Therefore, such nanocomposites showed higher initial resistivity and higher piezoresistive 
sensitivity. Interestingly, the influence of network structure of fillers on piezoresistivity can also 
be reflected in the nanocomposites filled with hybrid fillers of CNTs and CB. For one thing, the 
nanocomposites containing hybrid fillers exhibit higher ΔR/R0-strain sensitivity than those 
containing only CNTs if they have similar initial resistivity or even slightly lower resistivity in 
the former. For another, for PVDF nanocomposites filled with hybrid fillers of CNTs and CB, 
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higher piezoresistive sensitivity was achieved in those nanocomposites which had lower 
mCNTs/mCB in the composition of hybrid fillers. Besides, the values of ΔR/R0 at the same strain 
rely on the selection of CNTs in the composition of hybrid fillers and higher ΔR/R0 can be 
obtained in those nanocomposites with a fixed CNT content lower than ΦC of PVDF/CNT 
nanocomposites. Once CNT content is lower than ΦC, the amount of CNTs is not enough for the 
formation of conductive pathway by themselves, and at this time, part of the CB has the 
possibility to locate within gaps between CNTs and formed form strain-susceptible network 
(thread-bead structure). On the contrary, for those nanocomposites with CNT content higher than 
ΦC, the amount of CNTs is enough to form conductive pathway by themselves and fewer gaps of 
CNTs existed. In this case CB could only make conductive network of CNTs more compact and 
less possibility of the formation of thread-bead structure.  
Besides, the interactions between fillers and polymer matrix play a significant role in the 
determination of piezoresistive sensitivity. Once the interface bonding between PVDF and fillers 
is strengthened, the deformation of conductive network is larger at the same tensile stress, which 
increases ΔR/R0. At the same time, the mechanical ductility of the nanocomposites is also 
influenced. Stronger PVDF-filler interfacial interactions could enhance the yield strain of PVDF 
nanocomposites, which was shown to enlarge the sensing strain range of the nanocomposites. For 
PVDF, this kind of interaction also influences its crystalline phases. In 4.1, it was found that 
PVDF nanocomposites filled with 3% CNTs-NH2 (functionalized with -NH2 group) have higher 
yield strain than those filled with the same content of other three kinds of MWCNTs (CNTs, 
CNTs-COOH and CNTs-OH) due to higher -phase of PVDF and PVDF-nanotube interactions. 
Likewise, in 4.3 the incorporation of organoclay induced the formation of large amounts of - 
and -phase crystals and more -phase was obtained in those nanocomposites containing CHTs-
OH (functionalized with -OH group) compared with pristine CNTs. Besides, in contrast to CNTs, 
CNTs-OH showed stronger interplay with PVDF with the presence of clay, hence the 
nanocomposites consisting of the same amount of clay and CNTs-OH have higher yield strain 
and elongation at break than their counterparts (with the same amount of clay and nanotubes). 
Furthermore, if the interfacial interactions between PVDF and fillers could be further 
strengthened, the improvement of yield strain and piezoresistive sensitivity is notable. With the 
aid of BMIM
+
PF6
-
 IL, the yield strain and gauge factor GF of PVDF/IL premixed CNT-COOH 
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nanocomposites are much higher. To have a general comparison and understanding of the 
influence of the functionalization, utilization of hybrid fillers (CNTs/CB and CNTs/clay) and IL 
on initial resistivity and piezoresistive sensitivity of PVDF nanocomposites, ΔR/R0 (at 6% strain) 
of all nanocomposites investigated in this thesis is plotted vs. their initial resistivity in Fig. 5.2. 
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Fig. 5.2 ΔR/R0 (at 6% strain) as a function of initial resistivity for selected PVDF 
nanocomposites investigated in this thesis. The nanocomposites selected from 4.2 (red ones in 
this figure) from right to left are 0.5CNTs-0.5CB, 0.5CNTs-1CB, 0.75CNTs-0.75CB, 1CNTs-
1CB, 0.75CNTs-1.5CB, 1CNTs-2CB. 
 
As seen in Fig. 5.2, the nanocomposites from 4.4 (olive) have the higher piezoresistive 
sensitivity among all nanocomposites and ΔR/R0 at 6% strain for 10IL-2CNTs-COOH is ca. 0.82. 
This value is 4 times of that shown in Fig. 1.2 for PVDF nanocomposites filled with 8% 
MWCNTs. Besides, IL can significantly enhance the ΔR/R0-strain sensitivity of PVDF/MWCNT 
nanocomposites. As a whole, it can be observed in Fig. 5.2 that the nanocomposites with higher 
initial resistivity have higher ΔR/R0.  In addition, compared with 0.5CNTs-0.5CB and 0.5CNTs-
1CB, the nanocomposites consisting of CNTs-NH2 or hybrid fillers of clay and MWCNT have 
higher ΔR/R0 although they have lower initial resistivity than 0.5CNTs-0.5CB and 0.5CNTs-1CB. 
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As mentioned above, the interactions in PVDF and CNTs-NH2 are stronger than CNTs, and 
incorporation of clay can influence the interactions between MWCNTs and PVDF. As a result, 
the interactions between fillers and PVDF influence the piezoresistive sensitivity of PVDF 
nanocomposites. Besides, the PVDF-filler interactions also influence the yield strain of the 
nanocomposites, which can be probably considered as the upper limit of sensing strain ranges of 
piezoresistive PVDF nanocomposites. Table 5.1 shows the yield strains and values of ΔR/R0 at 
yield point of PVDF nanocomposites investigated in 4.1, 4.2, 4.3 and 4.4. It can be seen that clay 
and IL can effectively increase the yield strain of PVDF nanocomposites. Besides, for example, 
ΔR/R0 of 0.75CNTs-NH2 at the yield point (10.4%) is 1.4, as shown in Table 5.1, which is 40 
times of the value (ΔR/R0=0.35) reported by Georgousis et al.
27
(for strain at yield point is 
between 8 and 9% for melt mixed PVDF/MWCNT nanocomposites filled with 8 wt. % nanotubes) 
Therefore, to increase both high ΔR/R0-strain sensitivity and to enlarge sensing strain ranges can 
be realized in PVDF nanocomposites based on the strategies provided in this thesis, and the 
results of this thesis can be mainly concluded in the following 4 points: 
1. The surface functionalization of nanotubes influences their dispersion in the PVDF matrix, 
and the PVDF-nanotube interactions and crystalline phases of PVDF, which finally 
results in different values of ΔR/R0 and the strain at the yield point. As a whole, CNTs-
NH2 have the highest potential for the fabrication of PVDF nanocomposite based strain 
sensor with both high piezoresistive sensitivity and wide measurable strain ranges. 
2. Using hybrid fillers of CNTs and CB to construct strain-susceptible network structure 
(conductive pathway consisting of CB particles sandwiched by CNTs) can enhance the 
piezoresistive sensitivity of PVDF nanocomposites, which is tightly associated with the 
CNT content in hybrid fillers and mCNTs/mCB. The best piezoresistive effect can only be 
achieved in PVDF nanocomposites with fixed CNT content lower than the ΦC of 
PVDF/CNT nanocomposites. 
3. Using organoclay and MWCNTs tailored ΔR/R0 and possible sensing strain ranges of 
PVDF nanocomposites by changing crystalline phases of PVDF and PVDF-MWCNT 
interactions. Besides, the increase of the yield point strain in PVDF nanocomposites filled 
with CNTs-OH is more obvious than that in the nanocomposites containing the same 
amount of clay and pristine carbon nanotubes. 
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4. IL BMIM+PF6- served as interface linker for PVDF and MWCNTs, which significantly 
increased the values of ΔR/R0 and strain at the yield point of PVDF nanocomposites 
simultaneously. Besides, the dispersion of nanotube and toughness of the nanocomposites 
were greatly improved due to the strengthened PVDF-filler interactions with the aid of IL. 
 
Table 5.1 Yield strain (εy) and values of ΔR/R0 at yield point of PVDF nanocomposites. 
 nanocomposites εy 
(%) 
ΔR/R0  nanocomposites εy 
 (%) 
ΔR/R0 
4.1 0.75CNTs 10.7 0.53 4.2 pure PVDF 10.3 - 
1CNTs-COOH 9.7 0.78 0.5CNTs-0.5CB 10.1 0.62 
0.75CNTs-NH2 10.4 1.4 0.5CNTs-1CB 9.8 0.55 
0.75CNTs-OH 10.7 0.51 0.5CNTs-2CB 8.8 0.41 
1.5CNTs 11.3 0.37 0.75CNTs 10.2 0.44 
1.5CNTs-COOH 9.4 0.61 0.75CNTs-
0.75CB 
10.1 0.42 
1.5CNTs-NH2 11.7 0.6 0.75CNTs-1.5CB 9.9 0.39 
1.5CNTs-OH 11.1 0.39 0.75CNTs-3CB 7.8 0.25 
3CNTs 9 0.17 1CNTs 10.3 0.41 
3CNTs-COOH 8.4 0.29 1CNTs-0.5CB 10.7 0.39 
3CNTs-NH2 11.1 0.37 1CNTs-1CB 10.3 0.37 
3CNTs-OH 9.8 0.2 1CNTs-2CB 9.3 0.29 
4.3 0.25Clay 18.4 - 4.3 0.75Clay 17.7 - 
0.25Clay-
0.75CNTs 
15.7 1.13 0.75Clay-
0.75CNTs 
14.3 1.31 
0.25Clay-
0.75CNTs-OH 
17.5 2.49 0.75Clay-
0.75CNTs-OH 
16 2.09 
0.25Clay-
1.5CNTs 
13.8 0.45 0.75Clay-
1.5CNTs 
12.9 0.46 
0.25Clay-
0.75CNTs-OH 
16.9 0.78 0.75Clay-
1.5CNTs-OH 
15.3 0.68 
4.4 2CNTs-COOH 5.7 0.41 4.4 5IL-2CNTs-
COOH 
17.2 4.32 
2IL-2CNTs-
COOH 
14.1 2.2 10IL-2CNTs-
COOH 
21.1 12.68 
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6. Outlook 
This work focuses on the investigation and discussion of the piezoresistive behavior of 
PVDF-based nanocomposites, which can be potentially applied as strain sensors in SHM systems 
to monitor and alarm structure damage in harsh environments. The presented results and 
discussion show the influences of surface functionalization of nanotubes, hybrid network of two 
conductive fillers as well as hybrid fillers of a nonconducting organoclay with conducting CNTs 
on the piezoresistive behavior of PVDF nanocomposites. Although some intriguing strategies 
were investigated and proposed to improve the piezoresistive property of PVDF nanocomposites, 
some other issues are still left to be explored as a continuation of this work.  
1. Since the formation of polar - and -phase PVDF crystals can effectively improve the 
yielding strain of PVDF nanocomposites, maybe the formation of those crystals in 
PVDF/MWCNT nanocomposites can also get the same or similar effect like the 
utilization of organoclay as a nucleation agent. The surface functionalization of nanotubes 
can strengthen the nanotubes-PVDF interactions to some degree, which is conducive for 
the formation of polar PVDF crystals in the nanocomposites, and different kinds of 
nanotubes show different contributions to the percentage of -phase crystals as 
investigated previously
206
. As a result, how to optimize the crystallization condition of 
PVDF based CPNCs so that the percentage of polar -phase in all crystals and mechanical 
property, e.g. the yielding strain and toughness, of the nanocomposites can be enhanced 
simultaneously is still of great significance for an investigation. 
2.  The utilization of hybrid conductive fillers can effectively change the conductivity and 
piezoresistive behavior, however, the reference for the content of CNTs in all discussion 
is the percolation threshold of PVDF/MWCNT nanocomposites, and ΦC of the 
nanocomposites with hybrid conductive fillers were only partially investigated. The 
piezoresistive behavior of CPNCs is quite dependent on the gap between the actual 
content of conductive fillers and their corresponding ΦCs in the systems with single 
conductive filler, but it is still unknown for the critical gap between ΦC and actual filler 
contents in those systems with binary conductive fillers or even ternary ones the 
dependence of ΔR/R0 to strain on conductive network is absolutely dominant than that 
from initial resistivity. Although some results of this work suggest that the network 
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structure consisting of CNTs-CB in some cases is a dominant factor for the piezoresistive 
sensitivity of PVDF nanocomposites when they have the similar or even lower resistivity 
than those with only nanotubes, the nanocomposites with larger ΔR/R0s sometimes have 
higher initial resistivity. So, how to build the relationship of resistivity or network 
compactness and piezoresistivity, and make clear which one is the decisive factor under 
what kinds of conditions, is still necessary to be paid attention to. 
3. The utilization of clay can reduce the resistivity (one order of magnitude) and yield strain, 
as well as retain the ductility of PVDF to some extent, which results in the improvement 
of measurable strain ranges with obvious sacrifice of the piezoresistive sensitivity of 
PVDF nanocomposites. How to simultaneously achieve the much higher sensitivity of 
ΔR/R0 to tensile strain, and to increase yielding strain and ductility in PVDF/CNT/clay 
systems is still needed to be explored. Since the nanofiller-polymer interactions and 
resistivity can both influence the piezoresistive effects of CPNCs, it is important to study 
how the effects of filler-polymer interactions on the piezoresistive effects of PVDF 
nanocomposites with clay can be enhanced via optimizing the processing conditions.  
4. The results in the 4.4 show that the IL premixed CNTs-COOH exhibits much better 
piezoresistive sensitivity in the PVDF matrix than those with only CNTs-COOH due to 
the interface bonding strengthened by IL. Besides, this directly results in larger yielding 
strain in those nanocomposites with IL premixed CNTs-COOH. However, these 
improvements are significant when the content of IL is ca. 10 wt. %. It may be assumed 
that this is due to the inadequate bonding between carbon nanotubes and IL, as no shift of 
D and G band in the Raman spectra were found except the shift in 2D band and increase 
of ID/IG with increasing IL content. Maybe the interactions between IL and carbon 
nanotubes can be further optimized by considering the surface chemistry of the nanotubes 
or the method of introducing IL to the surface of carbon nanotubes to get chemical 
bonding of IL and nanotubes. If so, the effect of IL on the improvement of GF, ΔR/R0 to 
strain, yield strain and elongation at break is expected to be more increased, and 
meanwhile the dispersion of nanotubes can be also improved with a smaller amount of IL 
bonded onto the surface of nanotubes. Thus, it means the large improvements of yield 
strain, toughness, and piezoresistive sensitivity can be obtained at low IL contents by 
optimizing the mixing of IL and carbon nanotubes and processing conditions. 
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5. It was mentioned in the literature155, 157-158 that the ratio of hard and soft components in 
copolymers or blends of elastomers influence the piezoresistive effects of CPNCs. This 
means that the deformation of the polymer matrix is also a factor for the sensitivity of 
ΔR/R0 to strain. As the soft component has superior deformability than the hard one, it 
will probably contribute more to the sensitivity of ΔR/R0 to strain if the distribution of 
conductive network in the soft component. However, this contribution also depends on 
the ratio of soft part to the hard one if we take the propagation of the deformation of the 
soft component in the matrix under tensile loading into account. Inspired by this, perhaps 
it is available to design piezoresistive PVDF-based blends for strain-sensing applications. 
6. Graphene is also an interesting filler for CPNCs and Eswaraiah et al.24 reported that 
PVDF nanocomposites containing graphene wrapped CNTs exhibit a GF 7 times higher 
than that in the nanocomposites consisting of the same content of oxidized CNTs. Besides, 
they reported that PVDF/graphene nanocomposites have a better piezoresistive effect than 
PVDF/CNT nanocomposites at the same filler contents.
22
However, their resistivity is 
probably different because of the difference in their intrinsic conductivity and dispersion 
in the PVDF matrix. To date, the influence of resistivity and network compactness on the 
sensitivity of ΔR/R0 to strain for PVDF nanocomposites filled with graphene sheets or 
CNTs and even binary hybrid fillers of them is still unknown. As it is known, graphene 
also has large aspect ratios than CNTs, maybe the CPNCs with hybrid conductive 
network of graphene and CNTs are also good candidates for multifunctional strain- 
sensing materials.  
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